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1. Introduction 
 
Biological membranes simultaneously serve as a barrier for the intracellular 
environment and for the transduction of energy as well as signals between the cell and the 
environment. The determination of the role of membrane components is important both for 
fundamental scientific research and for practical applications. The concepts of the functions 
and structures of the two main membrane components, proteins and lipids, have drastically 
changed since their discovery in the last century. Early studies from the seventies considered 
the lipid bilayer to be solely a matrix, in which the proteins were embedded. These molecules 
allow the selective uptake and excretion of solutes and play a crucial role in the energy status 
of the cell and in the regulation of the intracellular environment. Subsequent studies from last 
decades revealed that the structure of the bilayer matrix is of great significance because its 
physicochemical properties can strongly influence the functions and structure of the 
embedded components.  
Because of the complexity of understanding and investigation of the functions of 
biological membrane components - like proteins or the lipid matrix - model systems have 
been developed. To study the properties of lipid bilayers without the confounding effects of 
proteins or other membrane components liposomes are frequently used. Liposomes, formed 
by various lipids in aqueous solution, are ideal model membranes. They can consist of one 
lipid bilayer membrane enclosing water in the middle (unilamellar vesicle) or of concentric, 
onion- like shells of altering lipid bilayers and water layers (multilamellar vesicle). Liposomes 
mimic the structure of biomembranes and they are able to model physicochemical properties 
of biological membranes, for example structural changes depending on temperature and 
pressure, thermal behaviors of phase transitions, and diffusion processes through the 
membrane. In fact, the transport processes of small ions and molecules such as, H+,  H2O, 
metal ions (e.g. Na+, K+, Ca2+ (Roux and Bloom 1990)) have been successfully characterized 
using liposomes. Recent studies demonstrated that model membranes are particularly useful 
for studying the toxic effect of pollutants, xenobiotics, and pharmaceutical compounds. The 
major advantage of these approaches is that they yield information on the mechanisms and 
dynamics of the damaging processes in the cell membrane.  
Chlorophenols are organic recalcitrant compounds which are weakly soluble in water 
and may occur from contaminated soil to groundwater. In contaminated industrial areas (such 
as manufacturing plants, wood-treatment facilities, municipal waste discharges and in 
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receiving waters adjacent to these sources) chlorophenols are frequently present at 
concentrations that are known to have diverse biological effects (Jensel 1996).  
Chlorophenols are lipophilic molecules and their toxicity is primarily connected to the 
effects on cell membranes. However, it is still unclear whether the primary site of action is the 
lipid matrix or the membrane bound proteins. Previous studies suggested that the 
accumulation of chlorophenols in membranes increases the fluidity of the lipid matrix leading 
to an inhibition of membrane bound proteins such as the Na+/K+ - ATPase and the glycose 
transport system (Cascorbi and Ahlers 1989). Chlorophenols are also thought to uncouple the 
cellular energy production by dissipating the chemiosmotic proton gradient (Escher 1996, 
Argese 1999).  
Biological membranes also play a vital role in the removal of chlorophenols from the 
environment. In ground waters and soils aerobic and anaerobic biodegradation is the main 
route of removal for chlorophenols, primarily via oxidative dechlorination and hydroxylation 
(Kaufman D.D. 1978) which are catalyzed by biomembrane-associated enzyme systems. 
Despite the biological, ecological and economical importance, less data is available about the 
direct actions of chlorophenols on the physicochemical properties of biological membranes.  
Based on the aforementioned studies it can be hypothesized that chlorophenols perturb 
the lipid matrix as well as the proteins. The changes of the lipid bilayer structure induced by 
chlorophenols may be drastical causing perturbing effects on protein activity and on the 
transport processes through the membrane. To obtain a better understanding of the mechanism 
of the effect of chlorophenols on the lipid bilayer the interactions between the 2,4-
dichlorophenol (DCP) and 1,2-dipalmitoyl-sn-glicerophosphocholine (DPPC) liposomes were 
investigated. The thermal behaviors of liposome systems were studied by differential 
scanning calorimetry (DSC). To investigate structural properties, such as layer formation, 
lamellarity, and molecular order in the layer, small- and wide-angle X-ray scattering (SAXS 
and WAXS) were used. The surface patterns of lipid bilayers were investigated by freeze-
fracturing combined with high resolution electron microscopy (TEM). To obtain information 
about the conformational changes and the reoriented chemical bonds of lipid molecules 
molecular spectroscopy was used. 
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2. Theoretical background 
2.1. Biological membranes 
 
Before life was possible, some barrier was required between the life processes and 
their environments in which those processes were occurring. The plasma membrane provided 
the necessary border. The plasma membrane of the prokaryotic cell, the simplest organization, 
forms a semipermeable sack allowing differentiation between the inside and the outside of the 
cell. This membrane consists of proteins and lipid bilayers and is surrounded by a relatively 
rigid structure, the so-called cell wall. Outside the cell wall is the outer membrane of the cell. 
It also contains protein and lipids but differs from the plasma membrane.  
The eukariote is more complex than the prokaryote. It has several membrane-bound 
compartments called organelles which are subdivided by intracellular membranes. They are 
the nucleus, the mitochondria, the endoplasmic reticulum, the Golgi, and the lysosome. Each 
of these organelle membranes exhibits a unique lipid and protein content crucial to their 
individual function. The several membrane functions can be summarized as follows: physical 
separation of one compartment from another, transduction of molecular information and 
energy, organization of enzymes into complexes and control of the enzyme activity, as well as 
substrate for different biosyntheses (Yagle 1993).  
The most fundamental structure of the membranes of cells, the lipid bilayer, is formed 
from membrane lipids, and the proteins from enzymes, ion pumps, channels and other 
structures. The lipid bilayer forms the matrix in which the other components are embedded 
and is best described as a fluid-mosaic. Singer and Nicolson first suggested this dynamics of 
membranes. Their model called fluid-mosaic membrane model and it is shown in Fig. 2.1.1.  
In this model a lipid bilayer was seen as a continuum, in which the protein molecules 
are partially inserted or else associated with the lipid bilayer surface. Later experimental and 
theoretical studies on model membranes however lead to the conclusion that this model 
requires major revision (Fischer Weiss 1996, Cevc 1993). For example, it became evident that 
additional membrane proteins are covalently bound to the lipids (Hooper, Turner 1992). In 
fact, the physicochemical properties of lipid bilayer can influence the function and structure 
of the other components (Cascorbi and Ahlers 1989). 
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Figure 2.1.1. Fluid mosaic membrane model of Singer and Nicolson 
 
Membrane components are not randomly distributed, but rather specifically. The 
distribution of components is a frequent topic of recent research. Proteins and lipids are found 
in different relative quantities in several cell types as well as the outer and inner leaflets of the 
membrane (Baszkin 2000) and also in the cell wall and in inner membranes. For example, in 
the plasma membrane of eukaryotic cells phosphatidyl-serin (PS), phosphadidyl-ethanolamine 
(PE) and phosphatidyl- inozitol (PI) are mainly located in the inner layer, and phosphatidyl-
choline (PC), and glycolipids reside in the outer layer (Devaux 1993). The lipid molecules can 
be exchanged between the two membrane leaflets by a flip-flop exchange catalyzed by 
“phospholipid flippases”. The main purpose of the lipid movement is to keep the membrane 
fluidity relatively constant (Bloom 1991). In addition to the vertical lipid distribution, the lipid 
molecules are organized laterally as well. The distinct domains or “lipid rafts” are responsible 
for the movement of embedded proteins and other membrane components (Brown and 
London 2000, Barenholz 2002). These domains are able to transport information from one 
point of membrane to another. The understanding of the function of lipid rafts offers a large 
area of current research (Heimburg 2003, Mayer 2002).  
 Beside the lateral diffusion in the bilayer the cross diffusion through the membrane 
also plays a crucial role in fulfilling the membrane functions. The cross diffusion of small 
molecules through the membrane can be described by the membrane fluidity. In the optimal 
case, the membrane fluidity remains relatively constant by adapting to environmental 
conditions, like temperature, pH, ionic strength (Sikkema 1995). The changing of lipid 
compositions or other membrane components as well as the several structure modifications 
serve to keep the fluidity constant (Genis 1989, Yeagle 1995). For example, lipid molecules 
alphahelical proteinsintegral proteins
peripheric proteins
phospholipid bilayer
glycolipids
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with less saturation increase the degree of membrane fluidity while cholesterol decreases it 
intercalating into the hydrophobic part of the lipid bilayer and restricting the mobility of fatty 
acid chains (Boal 2002) If the temperature is higher than the temperature of main chain 
melting of lipids the membrane fluidity also drastically increases because of the higher 
mobility of lipid molecules (see Chapter 2.3 and 2.4). It is also very important to keep the 
membrane fluidity constant, because only a membrane with relatively constant fluidity is able 
to correctly regulate the transport processes through the membrane and to affirm a constant 
environment for right protein functions. 
 
 
2.2. Lipids and model membranes 
 
The most fundamental structure of the cell membranes, the lipid matrix, is formed 
from membrane lipids. In general, the lipid molecules are amphiphiles. One end of these 
molecules has a polar character or hydrophilic while the rest of the molecule is usually apolar 
or hydrophobic. Figure 2.2.1 shows a schematic illustration of phospholipids molecule. The 
circle assigns the small polar headgroup region and the two lines represent the apolar part of 
lipid molecule. In this chapter the chemical structure of the lipids will be fist discussed 
because it determines most fundamentally the formation and behavior of membrane layers 
which will be the second discussed topic here. 
A wide variety of lipid molecules are found in biological membranes. This variety 
leads to a collection of thousands of unique lipid chemical species. Phospholipids are among 
the most typical. Phospholipids derive their name from the phosphate group found in the polar 
headgroups of these lipids. Their structures are shown in Fig. 2.2.1. In general, two nonpolar 
hydrocarbon chains are esterified to a glycerol in the 1st and 2nd position and a phosphate 
group in the 3st position. The phosphate is additionally esterified to an alcohol. In one 
common form of phospholipids the hydrocarbon chains are fatty acids, saturated as well as 
unsaturated. The number of double bonds per chain typically ranges from one to six. It is 
interesting to note that in the case of more times unsaturated chains the doub le bonds are 
almost never conjugated. The length of the apolar chains varies from as few as 12 carbons to 
as many as 26 carbons. The two fatty acids can be the same as well as different. Common 
names are given to many of fatty acids and these names are frequently used in the 
nomenclature of phospholipids. For example, palmitic acid is called the fatty acid with 16 
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carbon atoms and with no double bonds, and oleic acid with 18 carbon atoms and with one 
double bond. 
The hydrophilic part of phospholipids is the phosphate group esterified to an alcohol. 
In the absence of any alcohol the phospholipids is called phosphatidic acid (PA) (see Fig. 
2.2.1). If the alcohol is choline, the phospholipids are called phosphatidylcholines (PC also 
referred to as lecithin). This lipid is one of the most common of cell membrane phospholipids 
(New 1994) which can account for 40-80% of mammalian and up to 40% of plant membrane 
mass, however, it can contribute less than 1% to the cell mass in some extreme cases (Baszkin 
2000). If the alcohol is ethanolamine, the resulting phospholipids is called 
phosphatidylethanolamine (PE or cephalin) and so an (see Fig. 2.2.1).  
 The lipid bilayer is one of the basic elements of biological membrane architecture. As 
mentioned previously, most phospholipids in the membranes inhabit a bilayer structure and 
many of the properties of pure phospholipids bilayers mimic the features of cell membranes. 
In this bilayer arrangement the hydrophilic headgroups face the aqueous phase on both sides 
of the bilayer, and the hydrophobic hydrocarbon chains oppose each other inside the bilayer 
separated from the aqueous phase. On this way the unfavorable water/hydrocarbon interface is 
minimized. This process is well known by the most amphiphile molecules. But the common 
aggregation of pure amphiphiles in aqueous solution is the micelles. A simple means to 
understand the packing of lipids into bilayer and not into micelles can by obtained by 
considering the shape of the molecules. For phospholipids with two acyl chains the cross-
sectional area of the headgroups is similar to the cross-sectional area of chains. Thus the 
shape of the molecule can be approximated as a cylinder. If one considers that these cylinders 
are to be packed to protect the hydrocarbon chains from contact with water, the packing of a 
lipid bilayer becomes evident. 
 Most phospholipids with two fatty acid chains in aqueous media form spontaneously 
concentrically arranged and closed phospholipid bilayers separated from each other by layers 
of the aqueous medium (onion-skin) (Shinitzky 1993). This formation is called multilamellar 
vesicles (MLV-s). A schematic illustration of MLV can be seen in Fig. 2.2.2. Why do the 
bilayers spontaneously form spherical structures? The disc- like bilayres results in excess 
“edge-energy” due to exposure of hydrocarbon residues to water on the perimeter of the disc.
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a) 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.1. a) Schematic of a phospholipids molecule and b) the general structure of phospholipids of 
biological membranes (Genis 1989) 
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This energy can be dissipated by formation of spherical vesicles. It should be noted, that 
curving of the bilayer may be energetically costly because the molecules are forced to be 
packed along curved surfaces. In a curved bilayer the molecules of the inner monolayer are 
arranged along a surface of a smaller curvature while the molecules of the outer monolayer 
are arranged along a surface of a larger curvature. The energy is minimal if the difference 
between the two curvatures is zero therefore the lipid molecules form spontaneously large 
vesicles with a small different between the curvatures of inner and outer monolayers. The 
largest vesicles have a diameter of 10 µm (Cevc 1993, New 1994).  
The large multilamellar vesicles can be transformed into small unilamellar vesicles by 
mechanical methods, for example sonication (Lawaczeck et al. 1976). They can be made only 
above the phase transition temperature in the fluid-crystalline phase and they are stable only 
for a short time because the surface area per PC headgroup located at the outer surface is 
much larger than that of the headgroups of the inner surface. The smallest vesicles, they are to 
be made by this method, have a diameter about 25 nm. These vesicles are known in the 
literature as small unilamellar vesicles (SUV). 
 
Figure 2.2.2. Structure of a multilamellar vesicle (MLV)  
 
To investigate the structural properties of biological membranes multilamellar vesicles 
are suitable. Firstly the liposome membrane and the bilayer structure of the natural cell 
membrane are basically identical. Furthermore, they are stable for a long time and the several 
layers lying on top of each other with a higher lipid concentration make it possible to use 
techniques for structural investigation with lower sensitivity, too. Unilamellar vesicles are 
frequently used for studying the transport processes through the membrane as well as the 
lipid-protein interactions.  
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2.3. Structures of lyotrope mesophases 
 
The lipid molecules have a unique ability to form structures with long-range 
periodicity (one-, two- or three-dimensional) in the presence of solvents. The most common 
solvent substance is water. In general, these structures have a lyotrope character which means 
that different structures can be formed depending on the water content and the temperature, 
too. Therefore the lyotropic system shows also thermotropic character. In the literature these 
structures are called phases or mesophases (Cevc 1993).  
As yet there is no universally accepted nomenclature for lyotropic mesophases. This 
work will use the nomenclature proposed by Luzzati (Luzzati 1968). The lattice type is 
denoted by capital letters (L for lamellar, H for hexagonal). Subscripts I and II indicate 
normal (oil in water) or reversed (water in oil) type phases. A Greek subscript is used to 
denote the chain conformation: a for liquid- like, b  for gel- like and d for helically coiled chain 
conformation. The apostrophe denotes the tilted chain axis related to the layer plane. In 
addition, the subscript “c” is frequently used for crystalline chain packing and I for 
interdigitated chain order. 
This work mainly concentrates on the structural and thermal changes of liposomes 
made from 1,2-dipalmitoyl-sn-glycerol-phosphocholine (DPPC), whose chemical structure 
can be seen in Fig. 2.2.1 (red line). Because of the high variety of mesophases of 
phospholipids only some of them will be described here in detail. They are the parent phases 
of the studied DPPC, such as crystalline phase, gel phase, rippled gel phase, and fluid-
crystalline phase, and another typical phase induced frequently by small guest molecules  
 
Crystalline phase (Lc ) 
In the low temperature range under 18 °C (exactly under 8 °C) the crystalline phase 
forms. The phase exhibits both long- and short-range order. As the mobility of lipid molecules 
are very low the atoms form a three dimensional (3-D) structure inside of the chain region. 
The lipid molecules appear to be approximately perpendicular to the plane and the three 
methyl-groups of the choline parts are situated on the surface of the bilayer. The acyl chains 
mostly have trans conformations but the exact trans/gauche conformation ratio is not known 
sufficiently. The lipid/water layer thickness takes 60 Å determined by small-angle X-ray 
scattering (SAXS) (Ruocco and Shipley 1982) (see more about SAXS investigation of 
liposomes in Chapter 2.6). The layer structure can be well observed in the cross-section of a 
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layer (see Fig. 2.3.1a) where the lipid molecules are schematically represented with the polar 
headgroup and the two apolar chains. The sum of lipid bilayer and water layer thickness, the 
so-called repeat distance, is indicated by “d”. 
It was mentioned earlier that the shape of the DCP molecule can be approximated by a 
cylinder. The cylinders are closely packed to each other forming a two-dimensional subcell in 
the plan of the layer. The subcell builds up lattices, in which the periodic distances are about 4 
Å, approximately. In the case of the crystalline phase the molecules typically form 
orthorhombic hybrid lattice where the characteristic distances between two neighbor lipid 
molecules are 4.18 Å and 4.01 Å determined by wide-angle X-ray scattering (WAXS) 
(Shinitzky 1996, Ruocco, Shipley 1982) (see more about WAXS investigation of liposomes in 
Chapter 2.6). Fig.2.3.1b shows the 3-D structure of lipid molecules in the lattice. 
Incubation of DPPC at 8 °C leads to a conversion of the Lc phase to the subgel phase 
(Caffrey 1995). The structure of the subgel phase appears to have crystalline chain packing, 
but it is not fully clear whether the bilayers remain weakly coupled (2-D-crystalline lamellar 
phase) or strongly coupled (3-D lamellar crystal).  
 
a)     b) 
 
Figure 2.3.1. Layer (a) and subcell structures (b) in the crystalline phase 
 
Gel phase (Lb ´) 
Between 20 °C and 30 °C the DPPC appears in the gel phase. In this mesophase the 
lipid molecules are aligned with the glycerol backbone approximately perpendicular to the 
plane of the membrane. The phosphocholine headgroups run almost parallel to the membrane 
surface and the hydrocarbon chains are thought to tilt relative to the plan of the membrane at 
an angle of 58°. In this way, the chains are able to fill up the extra free space released by the 
headgroups and to be in closer proximity to each other to maximize the van der Waals and 
d
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other non-covalent forces (New 1994). Figure 2.3.2a presents the schematically layer 
structure in the gel phase.  
Although the chains are tilted the repeat distance of the layers are approximately 64 Å 
which is higher than that in the crystalline phase. The lipid bilayer has a thickness about 44 Å 
and the water layer about 20 Å (Ruocco and Shipley 1982). The acyl chains remain mostly in 
trans conformation. However, when the temperature increases in this temperature range the 
gauche conformation becomes more favorable. The subcell structure is of orthorhombic 
hybrid type where all molecules have four neighbors at a distance of 4.86 Å and another two 
at a distance of 4.73 Å as can be seen in Figure 2.3.2b. The subcell parameters are calculated 
from the characteristic WAXS peaks at 4.18 Å and 4.08 Å (Ruocco and Shipley 1982). 
 
a)      b) 
 
Figure 2. 3.2. Layer (a) and subcell structures (b) in the gel phase 
 
 
Rippled gel phase (Pb ´) 
In the temperature range from 33 °C to 38 °C the DPPC bilayer adopts a ruffled 
appearance, in which the surface is transformed from a planar to an undulating pattern with a 
regular long periodicity. This mesophase is called rippled gel phase (Cevc 1993). Figure 
2.3.3a presents the characteristic layer structure in the rippled gel phase. The basic 
pretransition ripples of DPPC are asymmetric (sawtooth- like) with a periodic distance of 13-
15 nm. Approximately 20 lipid molecules leave the surface while the next 5-6 molecules are 
shifted in the opposite direction (Meyer 2001). These ripples are predominantly formed after 
warming up from lower temperatures. Additional ripple structures appear after cooling down 
from the fluid crystalline phase. In this case, symmetric ripples with a periodicity of 25-30 nm 
were observed (Copeland and McConnel 1980). Other characteristic patterns were reported by 
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Bóta et al., where the surface was densely and regularly rippled with a periodicity of 15 nm 
and showed a banded pattern with 3-fold symmetry (Bota, Kriechbaum 1999). 
The surface undulation consequently increases the layer thickness from 64 Å (gel 
phase) to 71 Å. The lipid layer thickness is approximately 50 Å and the water layer remains 
constant around 20 Å. The lipid molecules are packed into a two-dimensional hexagonal 
lattice with a subcell parameter of 4.11 Å (Ruocco, Shipley 1982) (see Fig.2.3.3b). 
Only phospholipids can form this phase, whose polar headgroups are sufficiently 
hydrophilic and hydrated like in phosphatidylcholine. In these cases the interchain packing is 
sufficiently weak and the lipid molecules can rise from the surface. The main reason for the 
rippling of the surface is the tendency of the polar lipid headgroups to achieve a certain 
degree of fluidity and solvation while the hydrocarbon chains remain ordered. The typical 
chain conformation is mostly trans.  
Among other requirements for the rippled gel phase is the presence of sufficient water. 
At least 12 ± 2 water molecules must be associated with each phospholipid headgroup for a 
bilayer undulation. The closer the system hydration is to this limiting value, the longer is the 
repeat distance for the surface undulations and the less stable is the rippled gel phase. 
However, even in excess water, bilayers can only undulate as long as each of the two identical 
lipid chains contains between 12 ± 2 and 22 ± 2 carbon atoms (for DPPC it is 2XC16). For 
shorter chains “lipid crystallization” prevents surface rippling. In the case of phospholipids 
with very long chains, the headgroup effects become too small to cause such polarity (New 
1994).  
a) b) 
 
Figure 2.3.3 Layer (a) and subcell structures (b) in the rippled gel phase 
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Subsequent studies reported another formation of the rippled surface morphology. 
According to this assumptions Pb´ phase contains fluid domains (10-20% of the total amount 
of lipids) that behave like fluid-crystalline phase (see next paragraph) and gel phase domains. 
These two domain formations altered regularly causing a wrinkled surface pattern (Müller et 
al. 1985). 
 
Fluid-crystalline phase (La) 
This phase forms in the high temperature range above 41 °C. The layer order remains 
characteristic, but the bilayer is disordered in the plan of the membrane and the two-
dimensional lateral diffusion of lipid molecules becomes free (Tardieu and Luzatti 1973). 
Consequently, the subcell order disappears and the WAXS pattern does not show any sharp 
peak (New 1994).  
The hydrocarbon chains tend to adopt a different configuration than the trans straight 
configurations, such as the gauche conformation state. While the chains undergo a transition 
from tilted to a non-tilted or perpendicular state the layer thickness is reduced. Therefore the 
measured periodic distance, approximately 67 Å, can be determined with a relatively high 
error in comparison to the other periodicity. Figure 2.3.4 schematically presents the layer 
structure of fluid-crystalline phase.  
 
Figure 2.3.4. Layer structure in the fluid-crystalline phase 
 
Interdigitated phase (LI) 
High pressure (Bragansa and Worcester 1986, Macdonald 1984, Maruyama and 
Matsuki 1996), low water content, the presence of guest molecules like glycerol, ethylene 
glycol, alcohols (Adachi et al. 1995, McIntosh et al. 2001, Hui et al. 1984, Albertini et al. 
1990, Levin 1985) or certain “sugars” (Krasteva et al. 2001, Nagase et al. 1998), or local 
anesthetic (Hata et al. 2000) induce the appearance of interdigitated gel phase of DPPC. In this 
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phase the hydrocarbon chains are approximately perpendicular to the plane of the bilayer and 
the opposite monolayers are partially or fully interpenetrated. Figure 2.3.5a schematically 
illustrates the layer formation of the interdigitated phase. In the latter case, the terminal methyl 
groups of the lipid chains overlap with the interfacial region on the opposite sides of the 
bilayer. The lamellar periodic distance can be detected from 47 Å to 54 Å depending on the 
degree of penetration of the hydrocarbon chains (Cevc 1993), and also on the chain 
conformation which favors the gauche conformation (Levin 1985). The lipid molecules are 
packed into a two-dimensional hexagonal lattice with a subcell parameter of 4.11 Å (see Fig. 
2.3.5b.). 
Almost all of the above mentioned molecules dehydrate the DPPC bilayers and push 
the water molecules out of the lipid/water surface and into contact with the interpenetrated 
apolar methyl groups of the opposite acyl chains. Some antibiotics, certain anions like Br-, I-, 
ClO4-, or some buffers such as Tris (Vierl et al. 1994) induce also a similar effect. 
  
a) b) 
 
Figure 2.3.5. Layer (a) and subcell structures (b) in the interdigitated phase 
 
 
2.4. Phase transitions in lyotrope systems 
 
 The temperature range of phases depends on the polarity of headgroups as well as on the 
length and saturation degree of acyl chains (New 1996). Changes of physical conditions like 
temperature, pressure or composition may disturb the equilibrium state and induce a phase 
transition from one phase to another. During this transition both orders, inter- and 
intramolecular order of lipid molecules, are more or less disturbed (Koynova and Caffrey 
1998).  
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The driving force of phase transition is determined by the free enthalpy difference of 
the phases before and after the transition. During transitions from one phase to another the 
structure becomes weaker and the number of structural defects increases drastically (Laggner, 
Kriechbaum 1991). As a result, membrane permeability increases because of the more 
intensive lateral diffusion of lipid molecules, and the membrane processes are accelerated 
(Langner and Hui 1993).  
The DPPC/water system has three phase transitions in the temperature range of 4 - 45 °C. 
These are the subtransition between the crystalline phase and the gel phase around 19 - 21 °C, 
the pretransition between the gel and rippled gel phases in a temperature range of 29°C and 33 
°C, and the main transition or chain melting between the rippled gel phase and the fluid-
crystalline phase at approximately 41 °C. Because these transitions have an endothermic 
character they are frequently investigated by differential scanning calorimetry (McElhaney 
1982). 
The subtransition is not typical of biological systems therefore it is only mentioned here 
but not discussed in detail. During the pretransition the lipid molecules use the excess thermal 
energy and some of them move out from the surface parallel to the long-axis of molecules and 
the distance between the headgroups becomes greater. Simultaneously, the energy of polar-
polar interaction of headgroups decreases which stabilizes the rippled gel structure (Ruocco, 
Shipley 1982). The transition enthalpy is around 5.6-6 kJ/mol lipid (McElhaney 1982).  
The main transition occurs between the rippled gel phase and the fluid-crystalline phase in 
the case of DPPC. Several other lipids which do not have any rippled gel phase, have a main 
transition between the gel and fluid-crystalline phase. The main change of this transition 
occurs in the chain region of bilayers where the C-C bounds in the acyl chains mainly take 
gauche conformations instead of trans (Cevc 1993). In polymeres the trans/gauche 
conformation change characterizes the phase transition between the crystalline and melted 
states, therefore the transition is frequently called “chain melting” (Meier 2002, Orrendorf et 
al. 2002). The transition of the acyl chains from trans to gauche conformation has an enthalpy 
of around 1.7 kJ/mol and an activation energy of 12.5 kJ/mol. This small but significant 
activation energy means that rotation of adjacent methylene groups in the same chain with 
respect to each other is not completely free. 
Furthermore, if the trans/gauche transition becomes increasingly favorable and 
packing defects will increase both in duration and in number giving rise to a temperature-
dependent increase in membrane permeability to small ions and polar molecules. At the phase 
transition temperature, both the gel and the liquid-crystalline phases coexist in different parts 
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of the same membrane, and a consequently large increase in packing-defects (such as grain 
boundaries) is found at the interface of the two phases. 
The best way to represent the mesophases and the phase transitions by varying either 
the temperature or the water content is the phase diagram (Jürgens 1983). Figure 2.3.5 shows 
the phase diagram of DPPC/water system. The water content is varied between 1-99 w/w% 
(x-axis). Less than 1 w/w% the amount of water is to low to form lipid layers while more than 
99 w/w% is too much for this process. The y-axis represents the temperature from 0 °C to 50 
°C. The straight black lines assign the phase transitions between the mesophases while the 
phases are shown by different colors and surface pattern. The structures of the parent phases 
are additionally presented. If the water content is lower than 40 w/w% a homogenous 
liposomes system forms. Above this concentration a heterogeneous system appears from 
liposomes and from excess water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3.5. Phase diagram of DPPC/water system 
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2.5. Effect of guest molecules on biomembranes and on the lipid bilayer 
 
As it was seen, the cytoplasmic membrane of cells consists of a phospholipid bilayer 
and forms a matrix in which enzymes and transport proteins are embedded. The presence and 
the transport of additional lypophylic components can drastically affect the bilayer as well as 
the protein features (Gennis 1989). In addition, only the induced structural and 
physicochemical changes of the lipid bilayer can also perturb the protein functions. Therefore 
the perturbing effect of several lypophylic molecules on the biological membranes and on the 
lipid matrix will be discussed here.  
The cytoplasmic membrane has a low permeability for polar and charged molecules. 
In contrast, apolar compounds, such as hydrocarbons, can easily penetrate and cross the lipid 
bilayer, most likely by a diffusion-dependent manner. Lypophilic molecules readily enter the 
bilayer and accumulate in its hydrocarbon core increasing the lipid-matrix volume (Sikkema 
1995). 
 The accumulation of lypophilic compounds can also induce lateral heterogeneity and 
cluster formation of membrane lipids (Cruzerio-Hanson et al. 1988). Solutes interacting with 
the membrane will cause different perturbations of the bilayer depending on their preferential 
site of accumulation. For example, different amphiphilic molecules accumulate in either the 
outer or the inner layer of the membrane depending on their charge. Cationic compounds 
accumulate rapidly in the outer leaflet of the membrane (Cranney et al. 1983).  
 Aliphatic hydrocarbons are generally toxic to microorganisms (McInthos et al 1980, 
Lohner 1991). The toxicity of these compounds depends on their chain length which 
correlates with their solubility in water and their hydrophobicity. The hydrocarbon molecules 
accumulate in the chain region of lipids, as can be expected by the molecular polarity. 
However the site of the localization depends on the chain length. Hydrocarbons with long 
chains (C12 - C16) are able to penetrate simultaneously in both chains on the lipid bilayer thus 
reinforcing the interaction between the opposite layers, consequently increasing the global 
order in the whole of liposome sheets. During the accumulation the layer thickness increases, 
and the chain melting is shifted to the higher temperature range because of the stronger 
interaction of the chains and the higher order (Gill, Ratledge 1972). 
The hydrocarbons with short chains (C<10) may only be located in the chain region of 
one side of the bilayer. For example, the accumulation of hexane in DPPC liposomes (Lohner 
1991) shifts the main transition into the lower temperature range and broadens it because the 
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new molecules decrease the interaction between the lipid molecules and also decrease the 
order in the bilayers.  
It is known that the interaction of alcohols  with biological membranes, results 
decreased membrane integrity. Recently, the effect of several alcohols on the main transition 
of model biomembranes was found to be biphasic (McInthos et al. 2001). Small quantities of 
alcohol shift the main transition to higher temperature values but at higher concentration the 
main transition temperature decreases drastically. Reaching the “saturation” concentration the 
transition temperature remains stable. This high concentration of EtOH, (EtOH/DPPC=10/1 
mol/mol) induced the appearance of interdigitated phase in DPPC/water system. In this 
mesophase the opposite chains are so deeply interpenetrated into each other that the methyl 
groups on the end of chains can be in contact with the water layer on the opposite site. 
Furthermore, the alcohol molecules turn to the apolar methyl groups with their apolar parts 
pushing out the water molecules from the vicinity of methyl groups and drastically decreasing 
the methyl-water repulsion effect (Simon 1984, Krill et al. 1992). 
A similar interdigitated phase was not only induced by ethanol, but also by several 
other alcohols like methanol, butanol, pentanol, glycerol, and phenyl-butanol (Lohner 1991, 
Krill et al. 1993). All the mentioned molecules are able to push out the water molecules from 
the lipid-water interface. Furthermore they avoid intercalating in the apolar part of the lipid 
bilayer. This intercalation in the hydrophobic chain region only occurs in the interdigitated 
phase, where the energy of new chain-chain interaction and trans/gauche conformation 
changes cover the energy required to build clusters of new molecules or to accumulate them 
inside the bilayer (Simon et al. 1983). 
In the case of benzyl alcohol (Chen et al. 1996) and phenol (Casal et al. 1987) the 
appearance of interdigitated phase has been also reported but only the uncharged molecules 
influence the fluidity of the membrane so that the interaction of phenol with the bilayer can be 
situated in the hydrophobic acyl chain region. The negative charged phenol ions insert rather 
in the headgroup region of lipids and similar to the alcohol’s induced the appearance of the 
interdigitated phase (Van Dael and Ceuterickx 1984). 
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2.6. Some physicochemical method for investigation of liposome systems 
 
Several methods are available for investigating the physicochemical properties of 
liposome model systems. In this section the principles of the most up-to-date methods are 
discussed.  
All structure transformation induced by temperature or pressure changes are 
accompanied by absorption of heat. Calorimetry offers an attractive and sensitive means to 
determine this heat change. Most frequently, differential scanning calorimetry (DSC) is 
used for investigation lipid phase transitions. The temperature at which the excess specific 
heat reaches maximum is defined as phase transition temperature and it is denoted Tc (see Fig. 
3.6.1). The transition peak area under DSC trace is proportional to enthalpy of transition, 
denoted DHt (Höhne and Hemminger 1996):  
 
Since at the phase transition temperature the change in free energy of the system is 
zero (DA=0) the entropy change (DSt) associated with the transition can be calculated from the 
equation (if the free energy exists of only two terms while V = constant): 
 
The sharpness of the phase transition is often expressed as the temperature width at 
half-height, DT½,, or as the half of the temperature difference between the lower boundary 
(onset temperature To) of the phase transition and the upper one (end temperature Te) (see Fig. 
2.6.1).  
 
 
 
 
Figure 2.6.1. Heat curve and the thermal parameters of an endothermic phase transition 
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Table 2.6.1 summarizes the parameters of liposome systems determined by differential 
scanning calorimetry (DSC).  
Table 2.6.1. Thermal parameters of a phase transition of liposome systems  
Tp,m  [°C] Transition temperature (p-pretransition, m-main transition) 
To [°C] Onset temperature (beginning temperature of the phase transition) 
Te  [°C] End temperature of the phase transition 
DT 1/2  [°C] Half width 
DHt  [kJ/mol lipids] Enthalpy 
DS  [kJ/mol lipids .K] Entropy 
 
The lamellar arrangement is the main structural feature of the liposomes. Moreover, 
within the hydrocarbon region of the layers the chain packing is also varied and different 
lattice patterns, called subcells, are formed. These features can be studied with small- and 
wide-angle X-ray scattering (SAXS and WAXS). The thickness of the lipid bilayer and the 
water layer can be determined from the scattering curve in the small-angle region and it takes 
a value of about 5-10 nm (50-100 Å) depending on the phase structure at the current 
temperature. The scattering curve (the intensity as a function of the absolute value of the 
scattering variable) exhibits more or less sharp diffraction peaks indicating long-range 
correlation between the lamellas. The position of the first peak in the diffraction pattern, 
frequently called Bragg peak, shows the periodic distance in the system. (The reciprocal value 
of the Brag peak is equal to the periodic distance.) Figure 2.6.2 shows a characteristic 
diffraction pattern of DPPC/water system in the gel phase at 26°C.  
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Fig. 2.6.2. Scattering curve of the DPPC/water liposomes at 26°C  
 
The characteristic periodic distance (the sum of the lipid bilayer and water layer) can be 
calculated from the first peak by the Bragg function (Fanchon et al. 2000). 
 
n.l = 2.d.sinq 
 
 
l:   wavelength of X-rays 
2q: angle between incident and diffracted beam 
d:   lamellar repeat (periodic) distance 
 
 
From the scattering angle and wavelength the scattering variable is defined and its absolute 
value is : 
s = (2/l).sinq 
 
According to the Bragg low it is convenient that: 
 
s = n/d 
 
The diffraction peak intensity is in direct proportion to the amount of the ordered 
scattering centers and its half width to the regularity of the layer structure (Laggner, 
Kriechbaum 1991). Using the Sherrer function, the half width, the size of the  smallest 
structural homogeneous region can be determined: 
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D = 0.88.l/(?s1/2.cosQ), 
 
D:     mean dimension of domain size along a line normal to the  
reflecting plane 
l:           wavelength of X-rays (nm) 
Ds1/2:      half-width (Å-1) 
Q:          scattering angle (Radian) 
 
Table 2.6.2 shows the measured and calculated parameters by the evaluation of the 
scattering curves. 
 
Table 2.6.2. SAXS parameters of liposome systems  
 
 
The short range organization of lipid molecules can be investigated by wide-angel x-
ray scattering because the characteristic repeat distances in the lattice are about 4-5 Å which 
corresponds to the wide-angel range. Figure 2.6.2 shows the scattering curve of DPPC/water 
liposomes in gel phase in the wide-angel range. The position of the diffraction peak can be 
attributed to the characteristic lattice distance. 
 
Freeze-fracture  analysis combined with high resolution spectroscopy like transmission 
electron microscopy (TEM) provides information about the molecular organization of lipid 
phases. The structure of liquid or fluid-crystalline probes at room temperature is quickly 
frozen with Freon gas. The procedure should be so fast, that the structure appearing at room 
temperature would not be altered. To investigate the inner leaflet of the sample, it is fractured 
by cross-breaking in a special apparatus at -174 °C under application of a vacuum. In general, 
systems are broken or disrupted under force effect on their structurally weakest point. For 
example during a freeze-fracture procedure the membrane double layer splits between the two 
opposite layers or in the water shells between the lamellaes (Brandton, 1966). The fractured 
s1 1/Å scattering variable of the first peak 
d1 Å layer thickness 
I1 relative unit Bragg peak intensity 
Ds1 ½: 1/Å half width 
D Å domain size 
s2 1/ Å scattering variable of the second peak 
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surface pattern is stabilized by platinum/carbon replica and this can be investigated by 
electron microscopy for a long time.  
 
Raman spectroscopy has frequently been used to examine conformational orders of 
organic compounds at the molecular level. Analysis of the spectral parameters such as 
vibrational band frequencies (n cm-1), intensities (I a.u.), integrated intensity (A a.u.2) widths 
(Dn cm-1) and shapes yield information on molecular structures, hydrogen bonding, 
conformational states, and molecular packing. Fig. 2.6.3 shows a typical Raman spectrum of a 
DPPC liposome system with the characteristic Raman vibrational bands.  
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Figure 2.6.3. The Raman spectrum of the DPPC/water system at 26 °C 
 
The spectral region of 1000-1200 cm-1 contains the symmetric (ns(C-C)) and anti-
symmetric stretching mode of C-C bonds (nas(C-C)) (see nomenclature in Table 2.6.3). The 
bands around 1065 cm-1 and 1128 cm-1 are attributed to the trans conformational state while 
the band around 1095 cm-1 to the gauche one. The relative ratio of trans and gauche 
conformations has been frequently used to describe the intermolecular changes of the acyl 
chains. The band around 1300 cm-1 is the characteristic twist mode (t(CH2)) of the 
hydrocarbon chains. The spectral region near 1450 cm-1 contains the methylene scissor mode 
(ds(CH2)~1440 cm-1) and the asymmetric methyl bend (das(CH3)~1460 cm-1). The spectral 
modes of 2700-3100 cm-1 contains several overlapping bands including symmetric and anti-
symmetric CH2 stretching modes (ns(CH2) ~ 2850 cm-1 and (nas(CH2) ~ 2880 cm-1) and 
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symmetric and anti-symmetric CH3 stretching modes (ns(CH3) ~ 2930 cm-1 and (nas(CH3) ~ 
2960 cm-1), respectively. Information about interchain interactions can be obtained 
empirically from the peak intensity ratio of Ins(CH2) / Inas(CH2). This ratio is sensitive to 
subtle changes in conformational order from rotations, kinks, twists, and bends of the alkane 
chains. Therefore it has been frequently used as a measure of disorder/order ratio in long 
alkane chains (Levin 1985). The other useful spectral parameter of this range is the intensity 
ratio of Ins(CH3) / Inas(CH2). This ratio also yields information about the chain 
coupling/decoupling, especially in the end-region of chains. The intensive band at 714 cm-1 is 
attributed to the symmetric C-N stretching mode (ns(C-N)) of the head group and it is 
frequently used as an intern reference because it is not coupled with the chain part of 
phospholipids. 
 
 
Table 2.6.3. Raman peak frequencies and assignments of DPPC/water system 
 
Raman shift (cm-1) assignment 
714-732 ns(C-N) 
750-850 n(C-C)G 
1062-1065 ns(C-C)T 
1080-1095 nas(C-C)G 
1284-11287 ns(C-C)T 
1294-1302 t(CH2) 
1435-1440 d(CH2) 
2848-2853 ns(CH2) 
2884-2890 nas(CH2) 
2935 ns(CH3) 
2945 nas(CH3) 
3100-3600 n(H2O) 
 
 
 
 Another method to yield the spectrum-structure relationship of large biomolecules is 
quantum-mechanical calculation and molecular simulation. The success of calculation 
depends on the ability of the computational technique to correctly reproduce intra - and – inter 
molecular interactions. With the ab initio molecular orbital method it became possible to 
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predict relative conformational energies, vibrational frequencies and also the corresponding 
intensities of organic molecules. They can be calculated quite well, if a sufficiently large basis 
set is used and electron correlation is corrected. The deviation of Hartree-Fock (HF) 
calculated vibrational frequencies from experimental values is typically for the order of 10 %.  
 To calculate larger biomolecules other computational methods requiring less basis set 
can be chosen. Computational application or the quantum-mechanical oligomer approach can 
be applied. The oligomer approach is based on the partition of large organic molecules on 
smaller ones. It should be noted here, that a direct comparison of calculated spectral to 
experimental data is not preferred; the main goal of such studies is to obtain information about 
the quality of changes.  
 The last decade has known an extraordinary and unexpected increase of the use of 
Density Functional Theory (DFT) in a wide variety of chemical fields. The main 
characteristic of DFT is to consider the electron density as the principal variable rather than 
the wave function in HF. DFT includes therefore the electron exchange-correlation energy 
term in the Schrödinger equation. Geometric and vibrational spectroscopic data calculation of 
DPPC and DCP have been performed with the Becke`s B3LYP functional. The calculated 
results obtained at this level of theory are found within 2-3 % of their experimental values. 
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3. Goal of this work 
 
Previous studies described the accumulation of chlorophenols in the membranes of 
cells leading to an inhibition of the functions of membrane bound proteins as well as to a 
perturbation of the cellular energy production. Although the changes of the lipid matrix 
during these accumulation processes were also presumed they have not been described in 
detail until now. It is to hypothesize that chlorophenols directly perturb the lipid matrix 
inducing drastical changes, for example in the membrane state like fluid-crystalline phase or 
gel phase. These perturbed effects in the lipid matrix can have a strong influence on the 
protein activity besides the direct damages of proteins.  
The aim of the present study was to better understand the interaction between 2,4-
dichlorophenol (DCP) and the lipid matrix. 1,2-dipalmitoyl-sn-glycerophoshatidylcholine 
(DPPC) liposomes were used to mimic the thermal and structural properties of the lipid 
bilayers of biological membranes. 
It is to be assumed, that the effect of DCP on the lipid bilayer highly depends on the 
molar ratio of DCP on DPPC, therefore the DCP concentration was varied in a wide range, 
from extremely small DCP/DPPC molar ratios (e.g. 10-5 mol/mol) to 1 mol/mol or even 
higher. The changes of thermal features of lipid bilayers, especially the changes of the phase 
transition from the gel phase to the fluid-crystalline phase is of great relevance in cell 
membranes therefore the investigations mainly concentrated on the phase transition behaviors. 
Beside the phase transitions the temperature dependent mesophases of the bilayer as well as 
their changes and the appearance of another potential phase induced by DCP can be explained 
as well as described. Another and until now open question is the accumulation region of guest 
molecules in the bilayer and its distribution. Because the goal of this work is not only to 
describe but also to understand the processes in the bilayer, structural investigations on a 
molecular level should be carried out.  
A combination of methods and experimental approaches like differential scanning 
calorimetry (DSC), small-  (SAXS) and wide-angle X-ray scattering (WAXS), freeze-
fracture/TEM, FT - Raman spectroscopy, and ab initio calculations are applied to yield 
information about the model system and to answer the above mentioned questions.  
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4. Experimental part 
 
4.1. Preparation of fully hydrated DPPC/water system 
 Synthetic 1,2-dipalmitoyl-sn-glycerophosphatidylcholine (DPPC) of higher than 99 % 
purity was purchased from Avanti Polar Lipids Inc. (Alabaster, Al., USA) and used without 
further purification. Deionized, triple quartz-distilled water was added to the dry lipid powder 
under a nitrogen gas atmosphere to obtain a lipid concentration of 20 %w/w. The mixture was 
kept at 50 °C and vortexed frequently. After incubation the sample was quenched to 4 °C, 
then reheated to 50 °C again and vortexed intensively. The process was repeated ten times to 
achieve homogeneous hydration. This method of sample preparation took about 10 hours. The 
samples were stored at 4 °C. All preparation processes were repeated three times and the 
samples were measured by different techniques. Their average values were calculated in all 
cases. 
 
4.2. Preparation of DCP/DPPC/water systems 
The preparation of the system consisting of 2,4-dichlorophenol (DCP) was the same, 
except that DCP solutions with different concentrations were used instead of pure water. The 
highest concentration of DCP was taken as half the solubility of DCP (LDCP =4.5 mg/100ml) 
and it was increased that each concentration was then times higher than the previous one. The 
calculated molar ratios of DCP/DPPC were 4.10-5,  4.10-4,  4.10-3,  2.10-2, and 4.10-2. After 
analyzing the results it seemed to be necessary to prepare samples with higher DCP 
concentration. To obtain information about the effect of DCP in extremely high 
concentrations, samples were prepared with a DCP concentration above the solubility. In 
these cases the pure DPPC was mixed first with crystallized DCP, then with water. The higher 
DCP/DCCP molar ratios used were 10-1, 2.10-1, 3.10-1, 4.10-1, 6.10-1, 8.10-1, 1.100, and 1.2.100. 
All preparation processes were repeated three times and the averages of the three probes were 
considered. 
 
4.3. Experimental conditions of DSC measurements 
The calorimetric scans were performed with a DSC 2920 instrument (TA 
INSTRUMENTS, USA), operating at a scan rate of 1 K/min in the temperature range from 
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4°C up to 50 °C. The reference pan was empty. After 24 hours of incubation at 4 °C the DSC 
curves were recorded in the heating direction in all cases. The transition temperatures were 
taken at the peak maximum. The transition enthalpies were determined from the peak area and 
related to one mole DPPC. Calibration of the calorimeter was performed using a pure indium 
sample (Tonset = 156.6 °C). 
 
4.4. Experimental conditions of X-ray diffraction 
The small- and wide-angle X-ray scattering measurements were performed by a 
modified Seifert (XRD 3000 TT) apparatus with a proportional counter. The scattering of Ni-
filtered CuKa radiation (wavelength l=1.542 Å) was recorded in the range of scattering 
variable for SAXS from s = 0.002 to 0.2 Å-1 and for WAXS from 0.2 to 0.27 Å-1. The primer 
beam was line-focused. The intensity curves were corrected considering the geometry of the 
beam profile in order to obtain point-focused curves. For X-ray measurements the lipid 
dispersion was transferred into thin-walled quartz capillaries (Hilgenberg, Germany) with a 
diameter of 1mm and incubated (Haake C25) for 24 hours. The Bragg peaks were fitted with 
Lorentzians.  
I(s) = A1/[1 + ((s – c1 )/FWHM1)
2 ] + A2 / [1 + ((s – c2)/FWHM2)
2] + B, 
Ai :          intensity  
s:             scattering variable 
c:              peak maximum 
FWHMi : half-width  
B:             back ground 
 
This was performed with a MATLAB script that minimizes the cumulative squared 
difference between the measured data and the calculated functions by using the simplex 
method. The correlation of the fitted and the measured curves was adequate: 99.1-99.9%.  
 
4.5. Experimental conditions of freeze-fracture/TEM 
 For freeze-fracture about 200 mg lipid dispersion was prepared and stored in small 
covered glass vials. The gold specimen holders were pre- incubated at the according 
temperatures. Droplets of 1-2 mL were pipetted onto the gold holders which were immediately 
plunged into partially solidified Freon for 20 s of freezing and stored in liquid nitrogen. 
Fracturing was carried out at -100 °C in a Balzers freeze-fracture device (Ba lzers AG, Vaduz, 
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Liechtenstein). The fractured faces were etched for 30 s at -110 °C. The replicas, prepared by 
platinum-carbon shadowing, were cleaned with a solution of hypochloric acid and washed 
with distilled water. From pure water, the replicas were picked up on 200-mesh copper grids. 
The electron micrographs were taken in a JEOLJEM-100 CX II electron microscope (Japan). 
 
4.6. Experimental conditions of Raman spectroscopy 
FT-Raman spectra were obtained using a Bruker RFS 100/S FT-Raman accessory 
mounted on a TC VSN 1.86 optical bank fitted with a liquid-nitrogen-cooled germanium 
diode detector and an ND:YAG laser providing a NIR exciting line at 1064 nm. The samples 
were placed in a variable temperature cell for fluid samples and also for powders from Bruker 
and incubated 1 hour at each degree from 20°C to 50 °C for the measurement. Spectra were 
recorded at approximately 600 mW laser power in a spectral region from 500 cm-1 to 4000 
cm-1 at a spectral resolution of 4 cm-1. The band at 1300 cm-1 was taken as intensity standard 
in all cases. The spectra were analyzed by OPUS (Bruker) software and the curve fittings 
were carried out in Origin 7.0 by Boltzmann function.  
 
4.7. Computational Methods and Strategy of Normal Mode Assignment 
Calculations were performed using the Gaussian 98 (Frisch et al. 1992) and DGauss 
5.0 (Frisch et al. 1994) programs implemented on a CRAY supercomputer (T3E-1200, 
SV1ex) of the Research Center Juelich. Density Functional Theory (DFT) type calculations 
were performed. All geometries were fully optimized (no symmetry restrictions were applied) 
until the root-mean-square gradient was smaller than 5.10-4 hartree/bohr and energy change 
smaller than 10-7 hartree.  
Vibrational spectra were computed in the standard way of solving the ma trix of secondary 
derivatives, using the B3LYP functional and a 6-31G (d,p) basis set (Gaussian 98 program).  
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5. Results and discussions 
 
 
The changes in structural and morphological behaviors of the DPPC/water system 
influenced by DCP are strongly dependent on the DCP/DPPC molar ratio and can be 
classified into four groups corresponding to four ranges of the DCP concentration. In the 
lowest DCP/DPPC molar ratio range from 4.10-5 to 4.10-3 (see Chapter 5.2) the characteristic 
changes are rather corrective than perturbing while if the DCP/DPPC molar ratio is varied up 
to 10-1 the structure of DPPC liposomes is perturbed and the pretransition disappeared (see 
Chapter 5.3). In the medium molar ratio range from 2.10
-1
 to 4.10
-1
 (see Chapter 5.4) complex 
phase coexistence can be observed. If the DCP amount is almost equal or even higher than 
that of the DPPC, DCP/DPPC = 6.10-1 – 1.2 (see Chapter 5.5), another phase than the parent 
phases, the interdigitated phase is detected.  
 The investigation of the pure, fully hydrated DPPC/water system was necessary for 
comparison the results with those from the literature and for obtain information about the 
quality of the liposome system as well as the investigations methods. On the other hand, the 
results with DCP have to be compared with those of DPPC/water system to observe the 
changes induced by DCP.  
The results of the pure fully hydrated DPPC/water system are represented in chapter 
5.1 and the above mentioned four concentration ranges of DCP are separately discussed in 
Chapter 5.2 , 5.3, 5.4, and 5.5. After the representation of results by different investigation 
methods the conclusions will be shortly discussed. Chapter 5.6 summarizes the conclusions of 
the four investigated concentration ranges. 
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5.1. Investigation of the pure fully hydrated DPPC/water system  
 
The thermal behaviors of phase transitions as well as the structures of mesophases of a 
fully hydrated DPPC/water system quoted from literature were described in Chapter 3.3 and 
3.4. In this chapter the results of a 20 w/w% DPPC/water system will be shortly reported and 
simultaneously compared with those of literature. The results of FT-Raman spectroscopy and 
quantum chemical calculations will be discussed more detailed because they are original. 
However, this chapter summarizes the results of the pure DPPC/water system the Raman 
spectrum of DCP will be also here discussed because it has a great importance concerning the 
spectral changes of DPPC/water system (see Chapter 5.5). 
 
 
DSC: The pure, fully hydrated DPPC/water liposomes has three phase transitions, i.e. the 
subtransition from crystalline phase to gel phase, the pretransition from gel phase to rippled 
gel phase and the main transition from rippled gel to fluid-crystalline phase. Figure 5.1.1 
shows the heat curve of the DPPC MLV-s.  
 
 
 
 
 
 
 
 
 
Figure 5.1.1. Heat curve of the DPPC/water system (20w/w% of lipid) 
 
The subtransition is not relevant in biological systems because the parent crystalline 
phase would prevent any kind of diffusion through the membrane which is one of the main 
functions of membranes. Therefore this phase transition was not investigated here but 
reported elsewhere (Csiszar et al. 2001). The characteristic thermal data of the pretransition 
and the main transition are presented in Table 5.1.1. The data are average values calculated by 
three independent measurements. 
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Table 5.1.1. Thermal parameters of DPPC/water system (20 w/w% of lipid) 
DCP/DPPC [mol/mol] Pretransition Main transition 
Tp,m [°C] ± 0.1 34.9 41.1 
To [°C] ± 0.1 33.0 40.7 
Te [°C] ± 0.1 36.7 43.9 
DT 1/2 [°C] ± 0.1 1.85 1.6 
DHt [kJ/mol lipids] ± 10% 5.6 32.2 
DS [kJ/mol lipids .K] 0.019 0.10 
 
 
The pretransition between the gel and rippled gel phases began at 33 °C and occurred 
in a temperature range from 33 °C to 36.7 °C. The transition temperature was detected at 34.9 
°C. The transition enthalpy, calculated from the peak area, was 5.6 kJ/mol lipid (Table 5.1.1).  
The main transition, frequently called chain melting, between the rippled gel and fluid-
crystalline phases occurred in a smaller temperature range, approximately 2 °C than the 
pretransition. The transition began at 40.7 °C, had a maximum enthalpy at 41.1 °C and ended 
at 43.9 °C. The enthalpy value was 32.2 kJ/mol lipid (Table 5.1.1). The measured values were 
in good agreement with those found in literature (McElhaney 1982). 
 
SAXS: To study the structural parameters of the three investigated parent phases, three 
temperatures were selected: 26 °C to study the gel phase, 38 °C to the rippled gel phase, and 
44 °C to the fluid-crystalline phase. Figure 5.1.2 shows the scattering curves corresponding to 
the three observed phases and Table 5.1.2 contains the measured and calculated structural 
parameters. The scattering curves were normalized to the scattering curve detected at 26°C.  
The scattering pattern of the gel phase at 26°C had 5 diffraction peaks but only two of 
them were shown in Fig. 5.1.2 because the analysis of results does not need more peaks than 2 
on this level. The Bragg peak occurred at 1/64 Å-1 with a relatively high intensity and a small 
half width indicating a homogenous lateral structure. Increasing the temperature to 38°C, to 
the temperature of rippled gel phase, the number of diffraction peaks decreased on three and 
the Bragg peak was shifted to 1/71 Å-1. This peak is complex and not symmetrical. The 
diffraction pattern showed simultaneously a broadening and a decrease of the peaks indicating 
a drastic loss in the long-range correlation between the lamellae (Alecio et al. 1985). The 
recorded scattering pattern of the fluid-crystalline phase at 44 °C showed also three 
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diffraction peaks and a lower repeat distance at about 1/67 Å-1. The peak intensity was higher 
than the rippled gel phase. The determined diffraction parameters of DPPC/water systems 
were in all cases in good agreement with the literature (Laggner 1994, McDaniel and 
McInthos 1983).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.2. SAXS curves of DPPC/water system at 26 °C, 38 °C, and 44 °C (20w/w% of lipid) 
 
Table 5.1.2. SAXS parameters of DPPC/water system (20 w/w% of lipid) 
Gel phase Rippled gel phase Fluid-crystalline phase 
DCP/DPPC [mol/mol] 
(26°C) (38°C) (42°C) 
s1 (1/Å) 0.0158 0.0140 0.015 
d1 (Å) 63 71 67 
I1 (r.u.) 1 0.42 0.68 
Ds1 ½ (1/Å) 0.0018 0.0023 0.0019 
D (Å) 754 589 714 
s2 (1/Å) 0.0292 0.0272 0.029 
 
 
WAXS: The WAXS curves of fully hydrated DPPC/water system were also analyzed at 26 
°C, 38°C and 44°C, and the diffraction patterns are shown in Figure 5.1.3. The scattering 
curves were normalized to the scattering curve at 26°C. The scattering data are summarized in 
Table 5.1.3. 
0.01 0.015 0.02 0.025 0.03 0.035 0.04
s (1/Å)
R
el
. I
nt
. (
te
ts
zo
le
ge
s 
te
ng
el
ye
gy
sé
g)
26°C
38°C
44°C
R
el
at
iv
In
te
ns
it
y 
(a
.u
.)
R
el
. I
nt
. (
te
ts
zo
le
ge
s 
te
ng
el
ye
gy
sé
g)
R
el
at
iv
In
te
ns
it
y 
(a
.u
.)
R
el
. I
nt
. (
te
ts
zo
le
ge
s 
te
ng
el
ye
gy
sé
g)
R
el
at
iv
In
te
ns
it
y 
(a
.u
.)
R
el
. I
nt
. (
te
ts
zo
le
ge
s 
te
ng
el
ye
gy
sé
g)
R
el
at
iv
In
te
ns
it
y 
(a
.u
.)
  34 
The diffraction pattern of the gel phase exhibited two characteristic peaks. One sharp 
peak was located at 1/4.18 Å-1 and another, like a shoulder on the first peak, at 1/4.08 Å-1. 
This pattern is typical of the hybrid hexagonal subcell, where all molecules have 6 neighbors, 
4 of them at a distance of 4.86 Å and the other two at a distance of 4.71 Å ( Bota and 
Kriechbaum 1998).  
The WAXS pattern of the rippled gel phase at 38 °C showed only one relatively sharp 
peak at 1/4.11 Å-1 which is a typical WAXS peak of hexagonal symmetry. The distance 
between the lipid molecules was calculated from the peak of the subcell (Levin 1973) of 
1/4.11 Å-1 and had a value of 4.75 Å. In this subcell all molecules have also 6 neighbors and 
all of them are located at a distance of 4.75 Å. 
The fluid-crystalline phase at 44°C did not exhibit any scattering peak in the wide-
angle region because of the absence of the short-range organization in the bilayers.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.3. WAXS curves of DPPC/water system at 26 °C, 38 °C, and 44 °C (20w/w% of lipid) 
 
Table 5.1.3. WAXS parameters of DPPC/water system (20 w/w% of lipid) 
DCP/DPPC 
[mol/mol] 
26°C 38°C 44°C 
s1 (1/Å) 0.2392 0.2451 0.2433 - 
d1 (Å) 4.18  4.08  4.11  - 
I1 (r.u.) 1 0.68 0.86 - 
Ds1 ½ (1/Å) 0.0086* 0.0100* 0.0118 - 
 
 
*: After the decomposition of the complex peak. 
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FT-Raman spectroscopy and ab initio calculations : FT-Raman spectroscopy was used in 
order to investigate molecular changes of fully hydrated DPPC/water systems. Earlier reports 
about phospholipids/water systems are well-established in literature (Gaber et al. 1978) using 
Raman spectroscopy with a double or triple monochromator in the visible spectral range 
(VIS-Raman spectroscopy). The equivalent of FT-Raman with VIS-Raman spectroscopy has 
been not discussed in detail until now. It will be demonstrated here that FT-Raman 
spectroscopy is also a suitable spectroscopic method to characterize the mesophases and 
phase transitions of a DPPC/water system. The detected spectra were compared with 
calculated Raman frequencies and intensities by ab initio DFT calculations. Using this 
combination a spectrum « structure relationship could be obtained. The Figure 5.1.4 
represents three spectra of fully hydrated DPPC characterizing the three investigated parent 
mesophases at 26°C, 38°C and 44°C.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.4. FT-Raman spectra of the DPPC/water system at 26°C, 38°C and 44°C (20w/w% of lipid) 
 
 
The characteristic vibrational bands of fully hydrated DPPC were observed as follows: 
 
The band around 716 cm-1 (ncalc=718 cm-1) was attributed to the symmetric stretching 
vibration of the C-N bond in the choline headgroup (see. Fig. 5.1.10). Applying the quantum 
mechanical oligomer approach, the calculated vibration frequency of choline-chloride shows a 
very good agreement with the experimental results. The vibration components of this spectral 
band are represented by the calculated normal mode displacements (eigenvectors) (see arrows 
in Fig. 5.1.10.). Increasing the temperature (above 20°C) this band frequency and intensity 
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remained constant as it was detected in the VIS-Raman spectrum (Gaber and Peticolas 1977). 
Therefore several works have used this head group vibration as intensity standard. The choice 
of an intensity standard should be more carefully in the presence of polar molecules. In fact, 
these molecules may interact with the polar heads of lipids perturbing the intensity of n(C-N). 
The C-C stretching of the acyl chain in the vibrations range of 1200-1000 cm-1, called 
skeletal optical modes (SOM), characterizes the intramolecular changes in the bilayer (Gaber 
and Peticolas 1978). The relative number of trans and gauche conformers in the alkyl chains 
were changed with the temperature (Omura and Muraishi 1997). The sharp bands around 
1064 cm-1 (ncalc=1063 cm-1) and 1128 cm-1 (ncalc= 1129 cm-1) were attributed to the trans 
chain segments. The broad band at 1095 cm-1 (ncalc= 1093 cm-1) assigned to gauche 
conformers (Gaber and Paticolas 1978) (see. Fig. 5.1.10). Analyzing the SOM-spectral range 
upon heating from 20 °C to 50 °C a general diminishing of trans bands and a simultaneous 
increasing of gauche band was observed according to the pre- and main transitions. The 
integrated intensity ratios of I1065 / I1093 and I1128 / I1093 are shown in Fig. 5.1.5. 
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Figure 5.1.5. Intensity ratios of the I1063  / I1095  and of I1128  / I1095  of DPPC/water system in the temperature 
range from 20 °C to 50 °C 
 
As we can see in Fig. 5.1.5 the conformation change from trans to gauche was 
definitely stronger in the main transition range. During the pretransition the change was also 
recorded, although these changes of chains are not typical alterations for the gel/rippled gel 
phase transition. It must be mentioned that Raman scattering results approximately indicated 
the same pretransition temperature range (29 - 33 °C), but the chain melting process seemed 
to begin at lower temperatures about 38 °C and ended completely at 41 °C.  
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Taking into consideration that the presence of DCP (Raman peak at 1095 cm-1) can 
influence the gauche band intensity of DPPC at 1093 cm-1 the intensity changes of the trans 
peak of DPPC at 1128 cm-1 were taken to monitor the changes of the trans/gauche 
conformations in the acyl chain. Figure 5.1.6 shows the FT-Raman spectrum of DPPC in the 
SOM spectral range from 20 °C to 45 °C. The intensity change of the trans band at 1128 cm-1 
is also shown in this Figure.  
         a)              b) 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.6. (a) Raman spectra of DPPC/water system in the SOM spectral range and (b) the intensity 
change of the (C-C) stretching mode at 1128 cm-1 in the temperature range from 20 °C to 45 °C 
 
It was found that the intensity monitoring of the trans band at 1128 cm-1 is also a good 
way to yield information about all two phase transitions of DPPC. (The “subtransition step” of 
the intensity changes of n(C-C)trans could be also well observed in Fig. 5.1.6b, but this 
transition is not discussed here.) During the pretransition a slightly decrease of trans band was 
recorded, although the chain-conformation changes are not typical alterations for the gel - 
rippled gel transition. The conformation changes from trans to gauche definitely were 
stronger in the main transition range (DI˜0.45) indicating a more freely rotating system. The 
intensity change of the trans band exactly indicated the same pretransition temperature range 
(28-33 °C) and the chain melting range (38 °C - 43 °C) as the intensity ratio of I1065 / I1093 and 
I1128 / I1093, respectively. 
 Beside the calculated intensity ratios the wavelength shifts of vibration modes can be 
also informative about the phase transitions. Observing the wavelength shift of the C-C 
stretching bands it can be concluded that all three stretching vibrations were sensitive to the 
chain melting point at about 41 °C but only the gauche band (1095 cm-1 - 1082 cm-1) was 
available to indicate also the pretransition. The main transition temperature range was here 
detected between 38 °C and 41 °C similar to calculations of further Raman spectral 
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parameters. Compared these spectral changes of DPPC with those of alkanes, several 
similarities can be detected. For example, the slight increase in the frequency of the first trans 
band (1063 cm-1 ® 1065 cm-1), the simultaneous decrease of the frequency of the second 
trans band (1128 cm-1 ® 1124 cm-1) like by cyclic alkanes (c-(CH2)72 and c-(CH2)96) in 
solution crystal and melt crystals, and the strong shift of gauche band (1095 cm-1 ® 1082 cm-
1) (Lee 1987). In the vibrational spectrum of alkanes two narrow bands appear in a perfect 
crystalline state representing the symmetric and asymmetric (C-C) stretching modes. In 
molted state of alkanes these bands virtually disappear in intensity and one broaden range was 
detected centred around 1080 cm-1 resulting from gauche conformers (Lee 1987) similar to 
DPPC but the perfect crystalline state of chains in the mesophases of DPPC was not detected. 
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Figure 5.1.7. Raman shifts of the (C-C) stretching modes of DPPC/water system in the temperature range 
from 20 °C to 50 °C 
 
The band at 1296 cm-1 (ncalc=1298 cm-1) indicates the twist vibration mode of CH2-groups 
in the acyl chains (see Fig. 5.1.10). This band can be used to characterize the “crystalline-
fluid” states by polymers. In the fluid-crystalline phase this band shifted to 1300 cm-1 and 
broadened but the integrated intensity in this spectral range of polyethylene was not changed 
depending on temperature (Koglin and Meier 1999). Ab initio calculations lead to the same 
conclusion (Tarazona et al. 1997). Therefore the integrated intensity over the experimental 
1300 cm-1 range was used as a reference for studying intensity changes in other parts of the 
polyethylene spectrum. 
The next relatively intense band at 1436 cm-1 (ncalc=1438 cm-1) corresponded to the 
scissoring mode of CH2 vibrations (see Fig. 5.1.10). The band intensity decreased with 
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increasing conformational disorder of CH2-chains from crystalline states to semicrystalline 
state of polyethylene (Lee 1987). Additionally, two Fermi-resonances around 1440 cm-1 and 
1460 cm-1 may have a strong influence on this d(CH2).  
Two characteristic intense bands were identified in the CH2 spectral range from 2800 cm-1 
to 2900 cm-1. One relatively broad band at 2848 cm-1 (ncalc=2849 cm-1) and one intensive band 
at 2884 cm-1 (ncalc=2888 cm-1) which could be assigned to symmetric and asymmetric C-H 
stretching vibrations of the CH2 groups of chains, respectively. This spectral range of linear 
alkanes (n=72,120 etc) show the same spectral behavior. Moreover, the subcell type of these 
alkanes were investigated by X-ray diffraction and an orthorhombic crystalline structure was 
detected (Lee 1987) similar to DPPC under the pretransition temperature (see WAXS results 
of DPPC). The intensity ratio of these two bands (I2848 / I2884) has been frequently used to 
determine the relative degree of disordered and ordered chains in lipid (disorder/order 
parameter) based on the similarity with alkyl chains (Schrader 1995. Figure 5.1.8 presents the 
integrated intensity ratio of I2848 / I2884 of DPPC. Comparing these results with literature data 
(Surenda et al. 1990) a similar increasing trend of disordered intermolecular structure was 
found going from the Pb` to La phase. The relative changes of ordered structures to disordered 
one were less significant during the pretransition but also clear detectable. These differences 
can be explained by the physical changes of the pretransition and the main transition. During 
the pretransition the main changes occurred in the head group region of lipid molecules and 
the chain regions remained more or less uninfluenced. During the main transition the chains 
undergo a conformation change from mostly trans to gauche states. The CH2 stretching 
region was highly sensitive on the chain conformational changes therefore this spectral range 
is well available to study changes during the main transition (Gaber et al. 1978, Levin 1985, 
Suranda 1990). The disorder/order parameter of DPPC in the pretransition temperature range 
has not been published until now. The pretransition of hydrocarbons is not an exact model for 
the lipid molecules, but it can give reasons for comparison the main changes during the 
pretransition of alkanes and lipids because n-alkanes (n>9) undergo also a pre-melting phase 
transition below their melting point. During this phase transition of alkanes the all-trans 
structure of the hydrocarbon chains are maintained; only the lateral crystalline environment is 
changed (Tatevskii et al. 1961).  
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Figure 5.1.8. Intensity ratios of I2848  / I2884  and of I2935  / I2884  of DPPC/water system in the temperature 
range from 20 °C to 50 °C 
 
 Observing the wavelength shift of the C-H stretching bands it can be concluded that 
both CH2 stretching bands were only sensitive to the main transition at about 41 °C. The 
wavelength shift of the asymmetrical stretching vibrations showed a bigger sensitivity than 
the symmetrical one. The main transition temperature range was calculated between 36 °C 
and 41.6 °C similar to the wavelength shifts of the SOM region.  
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Figure 5.1.9. Raman shifts of the (C-H) stretching modes of DPPC/water system in the temperature range 
from 20 °C to 50 °C 
 
Other Raman bands with smaller intensity values at 2935 cm-1 and 2964 cm-1 are 
attributed to the symmetric and asymmetric stretching modes of the terminal methyl groups 
(CH3) of the acyl chains (Orendorff et al. 2002). The intensity ratio of the ns(CH3) with the 
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band of nas(CH2) I2935 / I2884 can serve as an indicator of interchain couplings. Fig. 5.1.8 shows 
this ratio of DPPC depending on temperature. The chain decoupling increased with increasing 
temperature. This trend was especially drastic in the main transition temperature range and 
less characteristic in the pretransition range. The results showed a good correlation with the 
changes of the intermolecular chain disorder.  
A broad band around 3200 cm-1, generally attributed to the vibrations of water molecules. 
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Figure 5.1.10. Calculated eigenvectors [B3LYP/6-31g*//B3LYP/6-31g*] of the characteristic vibrations of 
C16H34 as model polymer of DPPC chains  
 
RTd(C-N)
t(CH2)
d(CH2)
ncalc: 716 cm-1
nexp:  716 cm-1
ncalc: 1296 cm-1
nexp:  1295-1302 cm-1
ncalc: 1438 cm-1
nexp:  1438-1443 cm-1
nsym (C-H)
nasym (C-H)
ncalc: 2881 cm -1
nexp: 2880-2889cm -1
ncalc: 2848 cm-1
nexp: 2848-2852 cm-1
  43 
 To study the effect of DCP on DPPC model membranes by FT-Raman spectroscopy 
and quantum chemistry it is necessary to assign precisely the vibrational wavenumbers of 
DCP. The Raman spectrum of DCP has not been calculated in the literature. The vibrational 
frequencies were calculated by DFT. The experimental spectrum of DCP at 26°C is presented 
in Fig. 5.1.11 and the calculated normal mode displacements (eigenvectors) corresponding to 
the spectral bands are shown in Fig. 5.1.12. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.11. Raman spectrum of crystalline DCP at 26 °C 
 
The FT-Raman bands of DCP were as follows: 
The first intense band at 386 cm-1 (ncalc= 396 cm-1) was attributed to the asymmetrical 
C-C vibration mode of the ring with contribution of a symmetrical stretching mode of C-Cl 
bond (ns(C4-Cl11)) (see Fig. 5.1.12). 
A typical ring-breathing mode was observed at 655 cm-1 (ncalc= 646 cm-1). The 
relatively low Raman-shift of this mode compared with that of non substituted phenols 
(Ranjan et al. 1998) (~1000 cm-1) can be contributed to the chlorines substitutes on C 
atoms (in Fig. 5.1.12 these C atoms are marked as C4 and C7). The DFT calculation also 
showed a contribution of C7-Cl12 symmetrical stretching mode (ns(C7-Cl12) (see Fig. 
5.1.12).  
Simultaneously, an intense band at 728 cm-1 (ncalc= 720 cm-1) indicated the 
asymmetrical C-C stretching mode of ring (accc) and the symmetrical stretching mode of 
C4-Cl11 (ns(C4-Cl11) (see Fig. 5.1.12). It should be mentioned here, that this band of DCP 
can strongly influence the ns(C-N) of DPPC at 714 cm-1. This band has been frequently 
applied as intensity standard in phosphocholine liposome systems because of its 
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insensitivity for phase transitions and conformational changes (Gaber et al. 1978). The 
influence of accc mode of DCP prevented the application of ns(C-N) as standard band.  
The second ring-breathing mode was attributed to 855 cm-1 (ncalc= 849 cm-1 Fig. 5.1.12).  
The band at 1094 cm-1 (ncalc= 1098 cm-1) was assigned partly to the C-H bending mode 
of C5-H6 and C1-H9, to the O-H bending mode, to the C1-C2 symmetrical stretching mode 
and to the C7-Cl12 bending mode (se. Fig. 5.1.12). The band can have a strong influence on 
the gauche band of C-C vibration around 1096 cm-1. This fact can prevent the intensity 
analysis of gauche band as well as any calculation of intensity ratios in presence of DCP. 
The next intense peak was found around 1144 cm-1 (ncalc= 1141 cm-1) and it was 
partially attributed to the O-H bending mode and also to the CH8-CH9 deformation modes 
(see Fig. 5.1.12). 
The band at 1289 cm-1 (ncalc= 1299 cm-1) was attributed to the C-C ring stretching in 
plane and to the asymmetric C-O stretching mode, respectively (see Fig. 5.1.12). The 
increasing band intensity, by increasing DCP concentration, may influence the scissoring 
mode of DPPC around 1300 cm-1.  
The band around 1594 cm-1 (ncalc= 1592 cm-1) was a characteristic band for the C-C 
banding mode of the ring with contribution of C-O bending mode (see Fig. 5.1.12).  
The last intense band was observed around 3071 cm-1. According to the DFT 
calculation this band was developed from nas(C2-H18) and nas(C1-H9) (ncalc= 3113 cm-1) as 
well as from ns(C1-H9) and ns(C5-H6) (ncalc= 3172 cm-1), respectively (see Fig. 5.1.12). 
 
It can be summarized that the DFT quantum mechanical calculation method is 
extremely important to the precise assignment of spectral bands to vibrational modes 
because the experimental bands are usually composed of several overlapping bands of 
different molecular vibrations as it was seen above. The applied DFT method yielded 
reliable and precise assignments of vibrational modes of DCP with a deviation of about 1% 
relieved the understanding of the spectrum/structure relationship. After an accurate 
assignment of interfering spectral bands it was concluded that the use of other substituted 
phenol compounds instead of DCP could not be successful because the interfe ring bands of 
lipid and DCP were mainly distributed to the stretching modes of ring and hydroxyl group 
and not to the chlorine. To yield structural information from DPPC liposomes in presence 
of phenol compounds the spectral ranges of lipids without any influence of phenol 
compound should be studied. For example, to study the gauch content of chains the 
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spectral range of 750-850 cm-1 should be taken while the changes of trans conformation 
can be investigated by studying the trans band around 1284 cm-1. The CH2 stretching range 
remains uninfluenced, therefore the intermolecular changes can be well observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.12. Calculated eigenvectors [B3LYP/6-31g*//B3LYP/6-31g*] of the characteristic vibrations of 
DCP 
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Freeze-fracture/TEM: 26 °C, 28 °C, and 44 °C were selected to study the parent phases of 
DPPC/water system. The characteristic spherical vesicle shape of the fully hydrated lipids 
with closely packed parallel membrane layers was observed at all three temperatures. Because 
of the similarity to the onion structure the arrangement is frequently called an “onion- like 
structure”. The diameter of the vesicle varied between 5 and 10 mm. 
Higher magnification of TEM made the study of the characteristic surface pattern 
possible. The surface of the large multilateral bodies at 26°C was characterized by smooth 
surface patterns with some local, irregular ripples (Fig. 5.1.13a) which exhibited the known 
morphology of the gel phase. Figure 5.1.13b shows the typical ripple structure of Pb` of the 
fully hydrated DPPC liposomes at 38°C. The surface was densely and regularly rippled with a 
periodicity of about 140-160 Å and showed a banded pattern with 3-fold symmetry, typical of 
the rippled gel phase. This surface pattern can be caused by the more intensive interaction 
between the head groups of the DPPC (Bota and Kriechbaum 1999).  
 
 
a)        b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.13 Freeze-fracture/TEM pictures of the DPPC/water system (a) at 28 °C in the gel phase (Lb `), 
and (b) at 38 °C in the rippled gel phase (Pb `)  
0.25 mm 0.20 mm
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5.2. Effect of DCP on DPPC liposomes in the DCP/DPPC molar ratio range 
from 4.10-5 up to 4.10-3 mol/mol  
 
 
DSC: The DSC curves of DCP/DPPC/water systems related to the pretransition and the main 
transition were presented separately in Figure 5.2.1 and the thermal parameters of the 
transitions were summarized in Table 5.2.1. The data of Table 5.2.1 were calculated by three 
independent measurements. 
       a)             b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2.1. Heat curves of DPPC/water and DCP/DPPC/water systems in the DCP/DPPC molar ratio 
range from 4 .10-5 to 4 .10-3 (a) in the pretransition and (b) in the main transition temperature ranges  
 
Table 5.2.1. Thermal parameters of the DCP/DPPC/water systems in the DCP/DPC molar ratio range 
from 4 .10-5 to 4 .10-3 
4.10-5 4.10-4 4.10-3 
DCP/DPPC [mol/mol] Pretr. Main tr. Pretr. Main tr. Pretr. Main tr. 
Tp,m [°C] ± 0.1 35.5 41.6 35.1 41.3 34.7 41.0 
To [°C] ± 0.1 33.2 40.6 33.0 40.6 32.5 40.2 
Te [°C] ± 0.1 37.9 43.5 37.9 43.3 37.6 43.0 
DT 1/2 [°C] ± 0.1 2.35 1.45 2.45 1.35 2.65 1.36 
DHt [kJ/mol lipids] ± 10% 5.3 30.5 4.0 30.4 2.8 30.9 
DS [kJ/mol lipids .K] 0.017 0.097 0.013 0.097 0.009 0.098 
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Even the smallest investigated concentration of DCP influenced the pretransition of 
DPPC liposomes. The transition temperatures were shifted first into the higher temperature 
range then to the lower compared with the pure DPPC/water system (see Table 5.1.1). The 
transition temperature range was slightly broadened and both the enthalpy and entropy 
changes decreased monotonously with increasing DCP concentration in the whole molar ratio 
range (see Table 5.2.1). 
The changes of the main transition induced by DCP showed a similar tendency to the 
pretransition but its relative values were slightly lower. The transition temperature was also 
shifted first into the higher temperature range, then into the lower one and took a value of the 
pure system (see Table 5.1.1 and Table 5.2.1). The enthalpy value was the lowest in the case 
of DCP/DPPC = 4.10-5 and it increased with increasing DCP amount to the enthalpy value of 
the pure DPPC/water system. The entropy showed the same tendency (see Table 5.2.1) (if the 
term of the deformation can be neglected on the free energy). The changes were relatively 
small, but they were detected in all three independent cases demonstrating the existence of 
this effect. 
 
SAXS: The scattering curves of the DCP/DPPC/water liposomes in the molar ratio range of 
4.10-5 – 4.10-3 are presented in Figure 5.2.2a, b, and c. Table 5.2.2 contains the corresponding 
average values of the structural parameters in the three different phases.  
The periodic distances amount to 1/63 Å-1, 1/71 Å-1, and 1/67 Å-1, depending on the 
temperature, and they were in good agreement with the periodic distance values of the pure 
DPPC system at the corresponding temperatures. The shapes of the peaks were also similar to 
that of the pure system. Although the Bragg peaks were not shifted, sharper Bragg maxima 
were detected in the cases of the liposomes containing DCP in small concentrations than the 
pure system. The intensity values increased in the presence of DCP in all cases except for one 
peak (DCP/DPPC=4.10-3 at 26 °C). The maximum intensities were detected at the smallest 
DCP concentration of this investigated range ((DCP/DPPC=4.10-5) at all three temperatures 
(see Fig. 5.2.2 and I1 and Ds1 ½ values in and Table 5.2.2). The sharper Bragg maxima indicate 
structures with higher orders than in the pure system. 
 Using the half width, the size of homogeneous structural domains in the layer 
arrangement was calculated and it was observed that the liposomes containing DCP in small 
concentration had larger homogeneous domains in all three investigated phases than the pure 
DPPC/water system (see Table 5.1.2 and 5.2.2). Although the concentration of DCP was  
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Figure 5.2.2. SAXS curves of the DPPC/water and DCP/DPPC/water systems in the DCP/DPPC molar 
ratio range from 4 .10-5 to 4.10-3 at the typical temperatures (a) at 26 °C, (b) 38 °C, and (c) 44 °C, 
respectively 
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strongly increased in this range it did not influenced the domain size in the bilayers (see Table 
5.2.2). 
 
Table 5.2.2. SAXS parameters of the DCP/DPPC/water systems in the DCP/DPPC molar ratio range from 
4.10-5 to 4.10-3 
4.10-5 4.10-4 4.10-3 
DCP/DPPC 
[mol/mol] 
26°C 38°C 44°C 26°C 38°C 44°C 26°C 38°C 44°C 
s1 (1/Å) 0.0158 0.0140 0.015 0.0158 0.0140 0.015 0.0158 0.0140 0.015 
d (Å) 63 71 67 63 71 67 63 71 67 
I1 (r.u.) 1.20 0.66 1.03 1.10 0.57 0.59 0.93 0.49 0.61 
Ds1 1/2 (1/Å) 0.0016 0.0021 0.0018 0.0016 0.0020 0.0018 0.0017 0.0016 0.0018 
D (Å) 848 646 754 848 678 754 848 848 754 
s2 (1/Å) 0.0297 0.0274 0.0291 0.0295 0.0276 0.0291 0.0292 0.0274 0.0290 
 
The changes induced by extreme low DCP concentration could be not detected by other 
methods, for example Raman spectroscopy or freeze-fracture/TEM. 
 
 
Discussion: DCP, even in extremely low concentrations, affects the pretransition as well as 
the main transition. Although the changes, detected by DSC, are small and their extents are 
comparable to the error of the detection, these anomalies are always reproducible and X-ray 
scattering also supports them therefore they are discussed here.  
A small quantity of DCP (DCP/DPPC=4.10-5 to 4.10-3) causes slightly higher transition points 
and smaller entropy values than was detected in the pure system. The diminishing entropy 
indicates a more regular structure. Presumably, DCP molecules, like impurities, are present in 
the system and can regular structures in more extended dimension than that existing in the 
system without impurities. This fact is  supported by SAXS measurements where the sharper 
Bragg maximums indicate more homogenous structures with higher symmetry than in the 
pure system. Based on the Bragg peak positions the phases are identified. The phase occurring 
at 26°C is the gel phase (Lb`), at 38°C the rippled gel phase (Pb`), and at 44°C the fluid-
crystalline phase (La). It seemed to be a contradiction, that an additionally third component 
induces a higher order in the system, in this case in the lipid/water system, instead of a 
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perturbed symmetry. In fact, in the lipid bilayer the molecules have a regular two-dimensional 
limit therefore the translational and rotational freedom is relatively limited. On a very short 
time scale, this matrix can be thought in the same terms as a solid three-dimensional crystal, 
in which packing abnormalities occur as a result of either impurities, or of a proportion of the 
molecules in the array adopting an altered configuration. Packing abnormalities such as point-
defects, line defects and grain boundaries (Charvolin 1991, Rancon and Charvolin 1998) give 
rise to small exposed areas of the membranes which may allow greater access for small 
molecules to pass through or even to insert correcting the structural defects and decreasing the 
entropy of the system (Pink et al. 1991). The corrected lattice structure is more stable.  
In the case of DCP/DPPC system the DPPC has a crystal structure and the DCP 
molecules, as new component, can correct the structural defects and cause a more stable 
structure. This effect can be detected if the amount of new molecules is smaller or equal than 
the amount of the structural defects in the system. With increasing amount of the new 
component the effect of the superfluous molecules gets stronger and instead of a correction a 
perturbing effect appears, as it can be seen by the DCP/DPPC/water system at higher DCP 
concentration (DCP/DPPC = 4.10-3). 
With further increase of the DCP concentration an opposite change of the phase 
transition temperatures, as well as the enthalpy values was detected. The phase transition 
temperatures decreased and the enthalpy and entropy values increased until the values of the 
pure system. The thermal parameters of both phase transitions at the DCP/DPPC molar ratio 
of 4.10-4 were relatively near to that without DCP and at the DCP/DPPC molar ratio of 4.10-3 
the thermal parameters were the same like those of the pure system (compare Table 5.1.1 with 
Table 5.2.1). It can be concluded that this amount of DCP molecules does not have any ability 
to correct the defects in the bilayer lattice and just started an opposite perturbing effect. 
Analyzing the relative changes of the transition features it was found that the presence 
of DCP affects the pretransition more than the main transition. This fact can be explained with 
the relatively small enthalpy of the pretransition which can be influenced stronger by the same 
effect than another transition with higher enthalpy value. From another point of view, during 
the pretransition the primarily and the secondary interactions between the head groups of the 
lipid molecules and water molecules are changed while the main transition can be mainly 
characterized by conformation changes of the hydrocarbon chains. Therefore the pretransition 
is more sensitive for changes in the head group region while the main transition will be 
influenced stronger by changes in the chain region. In this case it can be presumed that the 
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DCP molecules are located in the head group region of the lipids and their features are 
strongly affected. Therefore features of the pretranition are also stronger influenced by DCP. 
This assumption is also based on the polar chemical character of the DCP molecules mainly 
caused by the hydroxyl group but this evidence is not sufficient to define the location of DCP 
in the membrane, therefore additional evidence will be required. 
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5.3. Effect of DCP on DPPC liposomes in the DCP/DPPC molar ratio range 
from 2.10-2 up to 1.10-1 
 
DSC: Studying the DSC curve of the DCP/DPPC/water system in the molar ratio range from 
2.10
-2
 to 1.10
-1 more intensive changes of the phase transitions were detected than it was seen 
in lower concentration range of DCP (see capture 5.2). The heat curves are shown in Figure 
5.3.1 and their corresponding thermal parameters are summarized in Table 5.3.1. 
In the case of 2.10
-2
 DCP/DPPC molar ratio of the heat curve showed strongly 
broadened pretransition with very small enthalpy. The determination of the pretransition was 
still possible knowing the previously results but the enthalpy value of the transition converted 
to zero. The twice-higher amount of DCP completely eliminated the pretransition. The 
disappearance of a phase transition raised the question: which of the previous phases 
disappeared and which became dominant. To answer this question X-ray scattering was 
applied. 
The main transition was defied as a transition between the gel and the fluid-crystalline 
phases therefore the uncertainty of the gel phase made the identification of the main transition 
doubtful. The heat curves in the main transition range were analyzed. Relative changes of the 
main transition, induced by DCP in the molar ratio range of 2.10
-2 
- 1.10
-1
, were not drastically 
higher in comparison with that at lower concentrations of DCP (see capture 5.2 and Fig.5.2.1). 
The transition temperatures were additionally shifted into a lower temperature range and the 
transition peaks were slightly broadened. The values of the entropy changes, calculated by the 
values of DHt, also fluctuate around those of the pure DPPC system (see Table 5.1.1 and 
Table 5.3.1).  
 
Table 5.3.1. Thermal parameters of the DCP/DPPC/water systems at the DCP/DPPC molar ratio of 2.10-2, 
4.10-2, and 1 .10-1 
2.10-2 
DCP/DPPC [mol/mol] 
Pretransition Main transition 
4.10-2 1.10-1 
Tp,m [°C] ± 0.1 32.1 40.7 40.0 38.1 
To [°C] ± 0.1 29.6 39.1 37.1 34.2 
Te [°C] ± 0.1 35.0 42.0 42.1 41.6 
DT 1/2 [°C] ± 0.1 2.7 1.45 2.5 3.7 
DHt [kJ/mol lipids] ± 10% 0.8 30.8 30.9 30.7 
DS [kJ/mol lipids .K] 0.003 0.099 0.098 0.098 
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Figure 5.3.1. Heat curves in the main transition range of the DCP/DPPC/water system at the DCP/DPPC 
molar ratios of 2 .10-2, 4.10-2 and 1.10-1 
 
 
SAXS : The SAXS curves showed significant changes like a shift of the Bragg peak, a 
decrease of the peak intensity and a simultaneously increase of the half width. Studying the 
scattering curve of the sample at the DCP/DPPC molar ratio of 2.10-2 at 26 °C the Bragg peak 
appeared at 1/63 Å-1. This repeat distance was indicative of Lb´. Next to this peak, another 
peak with lower intensity also occurred on the main peak like a shoulder at 1/71 Å-1 which 
corresponded to the periodic distance of Pb´. The simultaneous appearance of Lb´ and Pb´ at 
26°C indicated that the pretransition already began at this temperature. This value was much 
lower in compared with the pretransition temperature of pure DPPC. Additionally, the DSC 
results showed the diminishing of the pretransition in the case of DCP/DPPC molar ratio of 
2.10-2. These facts indicated the requirement of investigation of the pretransition temperature 
range in detail.  
To obtain more information about the transitional region, the complex Bragg 
reflections detected at 28 °C, 30 °C, and 32 °C were decomposed and their profiles were fitted 
as a sum of Lorentzian functions. The scattering curve obtained at 28 °C and the results of its 
decomposition are presented in Fig.5.3.2a. Its Bragg maximum was not shifted (s=1/63 Å-1), 
but its shape was asymmetric, indicating that there was not only one characteristic distance in 
the systems. The decomposition of the Bragg peak confirmed that the complex profile 
consisted of one intensive peak located around 1/63 Å-1 and additionally a peak appeared at 
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1/71 Å-1. Increasing the temperature up to 30°C the Bragg peak decreased and the 
decomposition of the Bragg profile yielded three characteristic periodic distances at 69, 61 and 
55 Å as shown in Figure 5.3.2b. The changes in the characteristic distance could be attributed 
to the fact that both parent gel phases (Lb´ and Pb´) were perturbed. The decomposed 
diffraction curve at 32 °C exhibited a dominance of the rippled gel phase with a periodic 
distance of about 70 Å. The shoulder of the peak was fitted with the sum of two peaks located 
at 1/61 Å-1 and 1/57 Å-1 (Fig.5.3.2c).  
By fitting the scattering curve of the DCP/DPPC system recorded at the molar ratio of 
2.10-2 at 30°C three components of the Bragg peak were found, one intensive peak at 1/71 Å-1, 
another with lower intensity at 1/61 Å-1 and a small peak at 1/52 Å-1 (see Fig. 5.3.2b or Table 
5.3.2). The three peaks indicated three coexistent phases.  
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Figure 5.3.2. The measured and fitted SAXS curves of the DCP/DPPC/water systems at the 
DCP/DPPC molar ratio of 2 .10-2 at 28 °C (a), 30 °C (b), and 32°C (c) 
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 The scattering curves of the sample at the molar ratio of 1.10-1 showed more symmetrical 
Bragg peaks than those did in the previously analyzed molar ratio range (see. Fig. 5.3.3). The 
detected peak at 26 °C appears at 1/71 Å-1 which the typical periodic distance of the Pb` phase, 
at 38 °C it appears at 1/74 Å-1 and at 44 °C the repeat distance of the La phase (1/67 Å-1) was 
found. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.3. SAXS curves of DCP/DPPC/water systems at the molar ratio of 1 .10-1 at 26 °C, 38 °C  
and 44 °C 
 
WAXS: Figure 5.3.4 shows the WAXS curves of the DPPC/water system and those of the 
DCP/DPPC/water liposomes at the molar ratio of 2.10-2, 4.10-2 and 1.10-1. For the 
investigation a temperature of 26 °C was chosen, which was the temperature of the Lb´ phase 
in pure DPPC liposomes. 
The WAXS curve of the sample with the DCP/DPPC molar ratio of 2.10-2 showed a 
slightly resembling scattering pattern as the pure DPPC/water system. The peak maximum 
was located at 1/4.18 Å-1 with a large shoulder around 1/4.08 Å-1. This profile indicated a 
mainly Lb` phase, but the structural features were already modified. The detected scattering 
curve at the molar ratio of 4.10-2 showed a completely different pattern than the previous 
curve. The peak maximum was located at 1/4.11 Å-1 with a broad peak around 1/4.18 Å-1. 
Presumably, it was a remained peak of the Lb´ phase. At the molar ratio of 1.10-1, according to 
the SAXS results, only one characteristic peak was detected with a bigger half-width and 
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smaller intensity than those of the Lb´ phase of DPPC. The peak was located at 1/4.11 Å-1 
which was the characteristic subcell parameter of the Pb´ phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.4. WAXS curves of DPPC/water and DCP/DPPC/water systems at the DCP/DPPC molar ratios 
of 2.10-2, 4.10-2 and 1.10-1 at 26 °C 
 
 
 
Freeze-fracture/TEM: At 30°C the characteristic diameter of MLV-s was around 6-10 mm 
and the typical large multilamellar bodies composed of closely packed parallel membrane 
layers with smooth and wrinkled surfaces appeared (Fig. 5.3.5). The periodically wrinkled 
surface morphology of the rippled gel phase dominated but the appearance of the gel phase 
with a smooth surface was also observed corresponding to the SAXS results. The coexistence 
of the two gel phases, Lb` and Pb`, at this temperature indicated that the DCP molecules 
induced the rippled gel phase (Pb`) at a lower temperature than that appeared in the pure 
DPPC/water system.  
Besides this well-characterized surface pattern of the parent phases other surface 
morphologies than gel were detected at a higher magnification as it can be seen in Figure 
5.3.6. This surface pattern can be characterized by a 2D-network consisting of hexagons and 
pentagons with a characteristic distance of about 200 nm. This morphology was found only 
locally and at 26 °C. 
Increasing the amount of DCP in the liposomes (DCP/DPPC=4.10-2) the wrinkled 
surface pattern even became characteristic at 26°C (Fig. 5.3.7). The long parallel ripples have 
a distance of 22 nm which was much higher than that of the rippled gel phase (14-16 nm), and 
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instead of 3-fold symmetry parallel wrinkles run on the entire surface. After freeze-fracturing 
at 38 °C the surface pattern indicated the same rippled surface pattern as at 26 °C. 
 
10 mm
 
 
Figure 5.3.5. Simultaneously appearing gel and rippled gel phases of DCP/DPPC/water system at the 
DCP/DPPC molar ratio of 2 .10-2 at 26 °C 
 
 
 
 
Figure 5.3.6. Surface pattern of domains of DCP/DPPC/water system at the DPC/DPPC molar ratio range 
of 2.10-2 containing DCP in locally high concentration at 26 oC 
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Figure 5.3.7. Surface pattern of the modified rippled gel phase of DCP/DPPC/water system at the 
DPC/DPPC molar ratio of 1 .10-1 at 26 °C 
 
 
 
Discussion: It can be concluded that the investigated concentrations of DCP 
(DCP/DPPC=2.10-2 – 1.10-1) strongly affect the gel phase and the pretransition region. At the 
molar ratio of 2.10-2 the calorimetric results might be interpreted as an indication of a complex 
pretransition around 32°C, but they exhibit a relatively small change of enthalpy. The 
structural investigations also suggest a complex character of the transition region. The 
complex Bragg peaks of scattering curves in the temperature range of the pretransition (28°C 
- 34°C) were fitted with Lorentzian function for recognition and classification of the 
simultaneously appearing phases in the system. The Lorentzian fitting of the Bragg peak at 
28°C reveals the gel phase (Lb`) as the main phase, but the appearance of the rippled gel phase 
(Pb`) is also observed. At 30°C the ratio of the two gel phases changes and Pb` is favored. 
Simultaneously, another phase appears with a periodic distance of 1/55 Å-1. This periodic 
distance approximates the 1/53.5 Å-1 which was found at the DCP/DPPC molar ratio of 8.10-1 
below 25 °C by SAXS investigation (Fig. 5.5.1 and Fig. 5.5.2). Bota and Kriechbaum (1998) 
reported that the periodic distance, determined for the formation of a stable phase, can be 
higher than that in the regular form. This repeat distance can be attributed to the interdigitated 
layer distance as has been found for alcohols and drugs (Hiu 1984, Albertini et al. 1990, 
1 mm
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McInthos 1991). In this phase the hydrocarbon chains from opposite monolayers may be 
partially or fully interdigitated decreasing drastically the repeat distance (see Chapter 5.5 
below).  
The presence of the coexistent phases is also confirmed by freeze-fracture/TEM. The 
surface pattern of the interdigitated phase was found only locally and characterized by 
pentagons and hexagons. A similar polygon structure was detected at a higher molar ratio 
(DCP/DPPC = 8.10-1).  
The appearance of a structure which normally forms at a significantly higher DCP 
content can result from the inhomogeneous distribution of DCP in the domains of DPPC 
lamellae. In the liposome, domains with locally high DCP content may lead to the 
interdigitated phase formation. Another possible explanation for the appearance of an 
interdigitated structure during the phase transition is the effect of fluctuations. Fluctuations 
exist at an enormous level during the pretransition, as a typical weak first order transition, 
whereas the coexistence of phases like the gel, rippled gel and interdigitated gel phases can 
occur. The LI phase can be identified at 32 °C, too, and the quantity of the gel phase related to 
that of the rippled gel phase is significant. After the disappearance of the LI phase the Pb  `
remains the dominant phase. 
The increase of DCP concentration (up to 1.10-1 DCP/DPPC molar ratio) induces the 
appearance of the rippled gel phase in the complete temperature range of the gel phase. It is 
noteworthy that in the pure DPPC/water system the formation of the rippled gel phase is the 
consequence of the interactions between the polar head groups of lipid and water molecules 
depending on temperature. At higher temperatures (approx. 32 °C), due to this polar 
interactions, the lipid molecules move out of the smooth surface of the sphere and the rippled 
surface morphology appears. The presence of DCP influences these interactions. In the case 
of this rippled gel phase a modified surface morphology was observed compared with that in 
the pure DPPC/water system between 34 °C and 39 °C. The new bright and parallel ripples let 
suggest that DCP enrich in the near of lipid head groups intercalating between lipid molecules 
inducing a broadening of the ripple periods. Simoultaneously, the intercalated DCP molecules 
dehydrate the headgroup region of the bilayer pushing out the water molecules from the 
interfacial region. A similar effect was observed in the case of the fluconazole [(difluoro-2,4-
phenyl)-2-bis(1-H-tri-azole-1,2)-4-yl-1)-1,3-propanol-2)]/DPPC/water system (Ambrosini 
1998). A small amount of fluconazole (fluconazole/DPPC=0.2/1 mol/mol) induces the 
disappearance of pretransition (Ambrossini et al. 1996). In the headgroup region intercalated 
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fluconazole molecules result in increased space-requirements for head regions. The structure 
of the rippled gel phase is more adequate for this requirement, where some headgroups leave 
the surface and move over thus achieving more room for movement. Therefore the presence 
of the rippled gel instead of the gel phase was detected. Even the rippled gel phase has to be 
adapted to the actual condition forming a rippled gel phase with secondary surface ripples at a 
distance of 12 nm which is twice as high as that in the common Pb´. 
Albertini and Donati also reported the disappearance of the Lb´ ® Pb´ transition by 
investigating propranolol/DPPC/water liposome systems (Albertini and Donati 1990). 
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5.4. Effect of DCP on DPPC liposomes in the DCP/DPPC molar ratio range 
from 2.10-1 up to 4.10-1  
 
DSC: The previous investigated phase transitions in the DCP/DPPC molar ratio range of  
4.10-5 – 1.10-1 were relatively homogeneous. In contrary of these results, in the molar ratio 
range of 2.10-1 – 4.10-1 overlapping phase transitions were detected. 
When the molar ratio of DCP/DPPC was 2.10-1 a new peak appeared at 25 °C and the 
main transition shifted into lower temperature range. Increasing the DCP/DPPC molar ratio 
up to 3.10-1 and 4.10-1 this tendency continued; the range of overlapping phase transitions 
seemed to grow and the main transition peak shifted continuously to the new peak, as can be 
seen in Figure 5.4.1. The peak shapes were expanded, asymmetric, often with a shoulder on 
the left side. The phase transition temperatures as well as the enthalpy values changed 
continuously (see Table 5.4.1). It should be mentioned here that a lower heating rate may be 
more adequate because a too high heating rate may cause overheating or, in the opposite case, 
frozen structures. This effect can strongly influence the study of the thermal behavior of the 
investigated system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.1. Heat curves of the DCP/DPPC/water systems in the molar ratio range from 2 .10-1 to 4.10-1 
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Table 5.4.1. Thermal parameters of the DCP/DPPC/water systems in the DCP/DPPC molar ratio range 
from 2 .10-1 to 4 .10-1 
DCP/DPPC [mol/mol] 2.10-1 3.10-1 4.10-1 
Tm [°C] ± 0.1 34.3 29.7 27.3 
To [°C] ± 0.1 23.7 23.8 23.5 
Te [°C] ± 0.1 39.3 37.9 37.2 
DT 1/2 [°C] ± 0.1 7.8 7.05 6.85 
DHt [kJ/mol lipid] ± 10% 28.2 21.5 20.1 
DS [kJ/mol lipid.K] 0.092 0.071 0.067 
 
 
 
 
SAXS: As was observed by DSC, the DCP/DPPC/water system in the molar ratio range from 
2.10-1 to 4.10-1 had several phase transitions overlapping with each other. The system at a 
molar ratio of the 4.10-1 showed “the simplest” transitions pattern, therefore it was selected for 
additional scattering investigations. The X-ray patterns are presented in Figure 5.4.2 at 
different temperatures between 20 °C and 40 °C. At 20 °C the Bragg peak was positioned at 
1/71 Å-1 corresponding to the periodic distance of Pb` but the peak intensity was extremely 
weak and the calculated domain size relatively small (see Table 5.4.2). With increasing 
temperature (at 25 °C and 30°C) the Bragg peak position shifted to 1/74 Å-1 exhibiting the 
appearance of a new phase. The peak intensity was slightly higher. At 34 °C the Bragg peak 
maximum was shifted to 1/70 Å-1 indicating a phase transition between 30 °C and 34 °C. The 
scattering curve detected at 36 °C had a Bragg peak located at 1/69 Å-1 near to the repeat 
distance of La phase. At 40 °C the typical Bragg peak of the liquid-crystalline phase was 
detected at 1/67 Å-1 without any satellite peak. The structural parameters are summarized in 
Table 5.4.2. 
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Figure 5.4.2. SAXS curves of the DCP/DPPC system at the DCP/DPPC molar ratio of 4 .10-1 
 
Table 5.4.2. SAXS parameters of the DCP/DPPC/water systems at the DCP/DPPC molar ratio of 4 .10-1  
 
DCP/DPPC 
[mol/mol] 
20°C 25°C 30°C 34°C 36°C 40°C 
s1 (1/Å) 0.0140 0.0136 0.0136 0.0142 0.0144 0.0149 
d (Å) 71 74 74 70 69 67 
I (r.u.) 0.1 0.12 0.21 0.26 0.37 0.45 
Ds1 ½ (1/Å) 0.0033 0.0029 0.0024 0.0024 0.0024 0.0024 
D (Å) 400 470 565 565 565 565 
s2 (1/Å) 0.0262 0.0262 0.0270 0.0280 0.0286 0.0294 
 
 
 
 
WAXS: The wide-angle region of the X-ray curves displayed a peak at 1/4.1 Å-1 at 20°C and 
25°C as shown in Fig. 5.4.3. These peaks were asymmetric exhibiting the characteristic shape 
of the hybrid subcell of the gel phase. At 30°C a broadened peak (the same shape as the 
hexagonal subcell rather than the hybrid one) with the same position was detected but the 
intensity decreased drastically and at 35°C it disappeared completely indicating the La phase. 
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Figure 5.4.3. WAXS curves of the DCP/DPPC/ water system at the molar ratio of 4 .10-1
Freeze-fracture/TEM: The freeze-fracture/TEM picture revealed the same morphologies at
20 °C, 25 °C, and 35 oC, respectively therefore one characteristic pattern was chosen to
represent the surface morphology of DCP/DPPC/water systems in this concentration range.
Figure 5.4.4 demonstrates the complex composition of the liposomes at the DCP/DPPC molar
ratio of 4.10-1 at 20 °C. Giant vesicles with a characteristic size of about 5 - 10 mm and smaller
ones with a diameter of about 0.2 - 0.3 mm existed and the latter frequently joined into groups,
occasionally between the wide lamellae gaps.
Figure 5.4.4. Freeze-fracture/TEM pictures of the DCP/DPPC/ water systems at the DCP/DPPC molar
ratio of 4 .10-1 at 20 °C
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Discussion: The phase transition at 25 °C was identified knowing the thermal behaviors of 
the DCP/DPPC/water system at higher DCP concentrations. Higher amounts of DCP in the 
bilayer (see Chapter 5.5.) cause only one phase transition at 25 °C, whose appearance and 
evolution could be observed here (see Fig. 5.4.1). Presumably, the amount of the phase under 
25 °C depends on the DCP concentration. The increase of DCP concentration induced the 
formation of the new phase accompanied by continuously higher transition enthalpy. 
However, the curve fitting and peak separation were not executed, but in Fig. 5.4.1 the 
continuously increasing areas of the peaks at 25 °C are obvious. The thermal behavior can be 
explained by the inhomogeneous distribution of DCP in the bilayer. There are some domains 
of lipid bilayer containing more DCP molecules and other domains with lower DCP 
concentrations. While the phase transition properties are highly dependent on the DCP 
concentration the bilayer domains with different DCP concentration show shifted phase 
transitions compared with each other. Because the characteristic parameters, for example 
transition temperatures or layer distances, are near to each other only the average value of 
them can be detected. Therefore the interpretation of results in this molar ratio range became 
difficult. For example, inhomogeneous distribution of DCP was even detected by lower DCP 
concentration in the case of the DCP/DPPC molar ratio of 2.10-2, 4.10-1 and a locally formed 
structure was observed by freeze-fracture/TEM (see Fig. 5.4.4). This structure will be globally 
characteristic first at higher DCP concentrations.  
The SAXS patterns, the low peak intensities at 20 °C and 25 °C and the small domain 
size indicate also lateral inhomogenities in the bilayers. For example, the extremely small 
peak intensity can be explained on two ways. First, there are a lots of small domains and the 
average layer distance is around 71 Å. Second explanation is that the Pb` phase is dominant 
with a repeat distance of 71 Å but other layer distances can simultaneously occur which are 
drastically bigger or smaller than 71 Å. On this way their distribution should be also relatively 
bright. The simultaneously appearing layer domains are called lateral phase-separation in the 
literature (Komatsu and Okada 1995, 1996). The formation of the phase at 25 °C, 
characterized by 74 Å, continued at higher temperatures and any phase transition was not 
detected between 25 °C and 30 °C in contradiction of DSC results. The phase transition 
between 30 °C and 34 °C detected by SAXS should be identical to that detected by DSC 
between 25 °C and 37 °C. The different phase transition temperatures, detected by DSC and 
SAXS, can be originated from the dynamic character of DSC and the static one of SAXS. 
However, the detected repeat distance at 34 °C (70 Å) and 36 °C (69 Å) were higher than that 
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characteristic of La (67 Å), the phase above 34 °C should be the fluid-crystalline phase. The 
higher repeat distances could be explained by the assumption of Bota and Kriechbaum (1998). 
The repeat distances of thermodynamically not stable phases are frequently higher than those 
of the stable one.  
Unfortunately, the phase behaviors at different temperatures could be not detected by 
freeze-fracture/TEM and only one characteristic formation is seen in the total temperature 
range. Other similar structures detected by freeze-fracture were not found in the literature. 
However, the DSC curves indicate a similar phase transition to LI – La, the SAXS and WAXS 
measurements do not confirm the formation of LI as a characteristic or locally appeared 
structure, therefore this morphology detected by freeze-fracture/TEM can not be identified as 
dominant interdigitated phase. This point will be discussed in Chapter 5.5. 
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5.5. Effect of DCP on DPPC liposomes in the DCP/DPPC molar ratio range 
from 6.10-1 up to 1.2 
 
DSC: In the DCP/DPPC molar ratio range of 6.10-1 - 1.2 only one phase transition was 
detected at 25 °C. The sharp and symmetric peak showed slight random changes of transition 
temperature as well as of enthalpy depending on DCP concentration. The temperature and 
enthalpy data of the new phase transition are summarized in Table 5.5.1. Similar to this 
observed phase transition at 25 °C a phase transition around 24.3 - 25.2 °C was already 
detected at a lower concentration of DCP (DCP/DPPC = 2.10-1 – 4.10-1), where the enthalpy 
value increased with increasing DCP concentration. The transition temperatures appeared to 
alter around an average value of 25°C and the enthalpies around 43.3 kJ/mol lipid. The 
enthalpy and entropy changes of the transition fluctuated around a higher value than that of 
the pure DPPC system (see Table 5.1.1). The half-width of the peaks showed a decrease with 
increasing DCP concentration indicating a more homogeneous phase transition (see Table 
5.5.1).  
 
Table 5.5.1. Thermal parameters of the DCP/DPPC systems in the DCP/DPPC molar ratio range from 
6.10-1 to 1.2 
DCP/DPPC [mol/mol] 6.10-1 8.10-1 1. 1.2 
To [°C] ± 0.1 22.4 22.7 23.6 23.5 
Te [°C] ± 0.1 27.5 27.2 27.6 26.9 
DT 1/2 [°C] ± 0.1 2.5 2.2 2 1.7 
Tc [°C] ± 0.1 25.1 25 25.4 25.1 
DHt [kJ/mol lipid] ± 10% 41.3 45.5 41.3 45.3 
DS [ kJ/mol lipid.T] 0.14 0.15 0.14 0.15 
 
 
SAXS: To obtain structural information from the phases before and after the phase transition 
SAXS and WAXS measurements were performed at 20°C and 30°C. Because all investigated 
samples in this molar ratio range had similar structural features, one of them (DCP/DPPC = 
8.10-1) was chosen representing the typical structural features of the samples in this molar 
ratio range. These scattering curves are shown in Figure 5.5.1 and the SAXS parameters are 
summarized in Table 5.5.2. 
The diffraction pattern showed two different structures at 20 °C and 30 °C indicating a 
phase transition between 20 °C and 30 °C. Below the phase transition temperature the SAXS 
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curve exhibited a homogeneous Bragg peak located at 1/50.5 Å-1 with a relatively low 
intensity, and at 30 °C the Bragg peak was located at 1/67 Å-1. Analyzing the curve intensity 
and half-width at 30 °C it can be concluded that the appearing phase above 25 °C is the fluid-
crystalline phase. To determine the exact phase transition temperature the scattering curves in 
the temperature range from 22 °C to 26 °C were recorded and it was observed that the 
scattering curve at 23 °C still indicated the new phase, while at 24°C the fluid-crystalline 
phase had already formed. The phase transition could be detected after 1 hour incubation. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.1. SAXS curves of the DCP/DPPC/water system at the DCP/DPPC molar ratio of 8 .10-1 at 20 °C 
and 30 °C 
 
 
Table 5.5.2. SAXS parameters of the DCP/DPPC systems at the DCP/DPPC molar ratio of 8 .10-1 
 
8.10-1 
DCP/DPPC 
[mol/mol] 
20ºC 30ºC 
s1 (1/Å) 0.0198 0.0149 
d (Å) 50.5 67.0 
I (r.u.) 0.13 0.28 
Ds1 1/2 (1/Å) 0.0037 0.0035 
D (Å) 367 388 
s2 (1/Å) 0.0396 0.0303 
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WAXS : Figure 5.5.2 shows the WAXS curves of the DCP/DPPC/water system at the molar 
ratio of 8.10-1. At 20 °C a sharp peak at 1/4.15 Å-1 was detected. The relatively high peak 
intensity combined with the small half-width value indicated a highly ordered hexagonal 
subcell structure, where all molecules had 6 neighbors in at a distance of 4.8 Å. The WAXS 
curve at 30°C did not show any subcell order in the bilayer indicating a subcell structure 
without any symmetry like in the fluid-crystalline phase. 
 Figure 5.5.2. WAXS curves of the DCP/DPPC/water systems at the molar ratio of 8 .10-1 at 20°C and at 
30°C 
 
 
Freeze-fracture/TEM : Choosing one concentration, DCP/DPPC = 8.10-1, from this molar 
ratio range (DCP/DPPC = 6.10-1 - 1.2) the freeze-fracture measurements were executed at 20 
°C and 30 °C. Analyzing the pictures from the two temperatures no differences were noticed 
so that only the surface patterns at 20 °C are presented here (see Fig. 5.5.3). A new giant form 
appeared instead of the characteristic spherical form. The closely packed layers were not 
closed but strongly deformed and wrinkled. 
Due to the difficulty of separating the opposite layers the surface patterns were rarely 
to be seen, but in some cases surface patterns could be also recognized (Fig. 5.5.4) which 
exhibited some similarity in their surface features to the locally appeared pattern at the 
DCP/DPPC molar ratio of 2.10-2 (Fig. 5.3.6). For example, hexagons and pentagons with a 
diameter of about 22 nm could be seen on the surface of the sample with high DCP 
Å
0.22 0.23 0.24 0.25 0.26 0.27
20°C
30°C
R
el
at
iv
 In
te
ns
ity
 (
r.
u.
)
s (1/A)
  72 
concentration (see Fig. 5.5.4 red polygons) but their symmetry were not as high as those at 
lower DCP/DPPC molar ratio (2.10-2). 
 
Figure 5.5.3. Surface pattern of the DCP/DPPC/water systems at the DCP/DPPC molar ratio of 8 .10-1  
at 20 °C 
 
 
 
 
 
Figure 5.5.4. Surface pattern of the DCP/DPPC/water systems at the DCP/DPPC molar ratio of 8 .10-1  
at 30 °C 
0,5µm
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Raman spectroscopy: The selected sample with a DCP/DPPC molar ratio of 8.10-1 was also 
studied by Raman spectroscopy. Figure 5.5.5 shows the reference spectra of the DPPC/water 
liposomes (black line), the spectra of DCP/DPPC/water system at the molar ratio of 8.10-1 
(blue line), and the spectra of crystalline DCP (red line). It should be noted, that the spectra of 
a DCP solution with the same DCP amount as a DCP/DPPC/water system with the 
DCP/DPPC molar ratio of 6.10-1 or even 1.2 did not have any sharp Raman peaks rather bright 
and broadened bands with small intensities. Only the spectra of crystalline DCP or the spectra 
of DCP recrystallized from solution showed sharp vibration bands. Some of those appeared 
also in the DCP/DPPC/water spectra. For example, the band at 655 cm-1 with medium 
intensity, at 855 cm-1 with strong intensity, at 1144 cm-1 with weak intensity, at 1594 cm-1 
with weak intensity, and at 3070 cm-1 also with weak intensity. The rest of bands of DCP 
overlapped more or less with the vibration bands of DPPC/water system and influenced their 
intensities. The band of DCP at 723 cm-1 strongly influenced the symmetry of the C-N 
stretching band of the lipid head group and prevented its application as intensity reference. 
Therefore the band at 1300 cm-1 was used as intensity reference.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.5. FT-Raman spectra of DPPC/water and DCP/DPPC/water system (DCP/DPPC = 8 .10-1) and 
crystalline DCP 
 
The C-H bending mode of DCP at 1094 cm-1 also overlapped with the asymmetrical 
stretching mode of C-C bonds (gauche band). Because the degree of perturbation was not 
known a not perturbed peak was chosen from the spectral region to investigate the 
trans/gauche conformation changes during the phase transition. Simultaneously with this 
calculation the intensity ratio of I1063 / I1095 and I1128 / I1095 were taken as known in the 
literature (Levin 1985). Comparing the results, the degree of influence of DCP peak on the 
gauche peak of DPPC could be determined.  
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The symmetrical stretching vibration of the C-C bond of DPPC at 1128 cm-1 was 
chosen to follow the changes of trans segments of chains in the phase transition range (seen 
Fig. 5.5.6a). The Raman investigation of the DPPC/water system showed that this peak was 
available to fallow the conformational changes of chains during the pre and main transitions. 
The measurements were represented only in the temperature range  which was relevant for the 
new phase transition determined by DSC and SAXS. The relative peak intensity was 
comparable with that of DPPC/water system at the same temperature indicating a similar 
trans conformation content in the chain region (see Fig. 5.5.6b read circles and black 
squares). The intensity of the trans band of DCP/DPPC/water system (8.10-1) began to 
decrease drastically at 23 °C indicating the  beginning of a phase transition and ended at 26°C. 
The curve fitting calculated the phase transition point at 23.8 ± 0.05 °C. 
  
a)       b) 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.6. (a) FT-Raman spectra of DCP and DCP/DPPC/water (DCP/DPPC=8 .10-1) systems in the 
temperature range from 20 °C to 30 °C and (b) intensity changes of the (C-C) - stretching band at  
128 cm-1 of DPPC/water and DCP/DPPC/water systems  
 
 Taking the intensity ratios of trans and gauche bands like I1063 /I1095 or I1128 / I1095 (see 
Fig.5.5.7) the influence of the C-H bending mode of DCP on the gauche band of DPPC could 
not be excluded. Analyzing these two intensity ratios of DPPC liposomes in the presence and 
in the absence of DCP the beginning and end values of intensity ratios were identical. The 
striking difference of the curves were that the DPPC/water system showed two phase 
transitions (pre- and main transitions) while the DCP/DPPC/water system showed only one in 
the temperature range from 22 °C to 26 °C. 
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Figure 5.5.7. Intensity ratios of I1063  / I1095  and of I1128  / I1095  in the DPPC/water and in the 
DCP/DPPC/water system (DCP/DPPC = 8 .10-1) depending on the temperature 
 
The curve fitting a showed a phase transition temperature at 23.8 ± 0.5 °C. The similar 
curve shapes of I1063 /I1095 and I1128 / I1095 were to be expected, because both intensity ratios 
were based on the intensity of gauche band which could be influenced by the band of DCP but 
these transition parameters overlapped well with those calculated from the peak intensity 
changes of trans band at 1128 cm-1.  It can also be concluded that the peak of DCP at 1094 
cm-1 did not influenced drastically the peak intensity of gauche band of DPPC chains and the 
Itrans /Igauche intensity ratio could be also used to determine the conformation changes during 
the phase transitions.  
 Comparing the Raman wavelength shifts of DPPC liposomes with and without DCP 
for and after the transitions (see Table 5.5.3.) it was detected that the differences between the 
Raman shifts with DCP and without were smaller (~ 2 cm-1) than the spectral resolution (4 
cm-1). Therefore it was concluded that DCP did not interact with the hydrocarbon chains of 
lipid molecules. 
 
Table 5.5.3. Raman wavelength shifts of the (C-C) stretching bands of the DPPC/water system (black) and 
DCP/DPPC/water system (red) at a DCP/DPPC molar ratio of 8 .10-1 
n 20°C (cm
-1) 
n 50°C (cm
-1) (DPPC) and  
n 30°C  (cm
-1) (DCP/DPPC) 
1063.1 1067.2 
1063.3 1065.0 
1095.5 1083.4 
1096.6 1082.3 
1128.5 1124.2 
1128.3 1124.2 
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The other main spectral range besides the skeletal optical modes is the C-H stretching 
modes of CH2 groups around 2800 - 2900 cm-1. Overlapping bands of DCP did not influence 
this spectral range. The intensity ratios of I2848 /I2884 and I2935 / I2884 indicated the degree of 
chain disorder in the hydrophobic bilayer core (Levin 1985). Figure 5.5.8 shows these 
intensity ratios of DPPC/water (black) and DCP/DPPC/water (8.10-1) (red) liposome systems. 
The ratio of disordered and ordered chains of DPPC liposomes at low temperatures was 
similar to that of the DCP/DPPC/water system. With increasing temperature the system 
containing DCP showed a drastical increasing of disordered chains in the temperature range 
of 22-26 °C (Tc = 24.2 ± 0.05 °C – curve fitting) and achieved a plateau above 26 °C. The 
plateau of Idisorder / Iorder had a value of 1 ± 0.1 similar to that of the DPPC/water system in the 
fluid-crystalline phase (0.94 ± 0.1). The intensity ratio of I2935 / I2884 indicated a phase 
transition at 24.6 ± 0.04 °C. The beginning and the end plateaus overlapped with those of the 
pure DPPC/water system. 
 
 
Figure 5.5.8. Intensity ratios of I2848  / I2884  and of I2935  / I2884  in the DPPC/water and in the 
DCP/DPPC/water system (DCP/DPPC = 8 .10-1) depending on the temperature 
 
 
 The Raman wavelength shifts in the C-H stretching range were also analyzed (see 
Table 5.5.4). It was detected that they did not show any characteristic tendency. The absolute 
values of the differences between the C-H stretching wavelengths of DPPC liposomes with 
and without DCP were smaller than the spectral resolution similar to the wavelength shift in 
the SOM spectral region. These results supported the assumption that the DCP molecules did 
not interact with the hydrocarbon chains of lipids. 
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Table 5.5.4. Raman wavelength shifts of the (C-H) stretching bands of DPPC/water system (black) and 
DCP/DPPC/water system (red) at a DCP/DPPC molar ratio of 8 .10-1 
n 20°C (cm
-1) 
n 50°C (cm
-1) (DPPC) and  
n 30°C  (cm
-1) (DCP/DPPC) 
2849.0 2852.1 
2846.9 2850.9 
2880.2 2890.8 
2881.9 2888.7 
2932.1 2927.1 
2931.8 2927.5 
 
 
 
Discussion: Studying the effect of several alcohol’s and drugs (it has been found that these 
molecules in high concentration. In this phase periodic distance was detected around 1/47 – 
1/55 Å-1 similar to DCP under 24 °C. 
The structure characterized by the periodic distance of 50.5 Å can be formed in several 
ways. Theoretically, a drastic decrease in the water layer between the lipid bilayers as well as 
the structural and conformational changes of the lipid molecules in the bilayer may yield the 
decrease in the repeat distance. Another alternative is that the hydrocarbon chains of mono-
layers may be partially or fully penetrated in the opposite one inducing a formation of 
interdigitated phase like by several alcohols and drugs (McElhaney 1982, Simon 1983, 1984, 
Levin 1985, Albertini 1990, Komatsu and Okada 1995). A combination of these processes is 
also to assume. 
To clear this question Raman measurement were carried out. These measurements 
indicate the same trans/gauche ratio in the interdigitated phase of the DCP/DPPC system as in 
the gel phase of pure DPPC, where the chain conformation is mostly trans. The ratio of 
disordered and ordered chains is significantly smaller in the interdigitated phase than in the 
fluid-crystalline phase of the DCP/DPPC system and the changes were comparable with that 
from the gel phase to the fluid-crystalline phase of the DPPC/water system. It can be 
concluded that the drastical decrease of the measured layer thickness (lipid bilayer and water 
layer additionally) in the interdigitated phase cannot be resulted by trans/gauche 
conformation changes rather from the chain penetration and from the decrease of water layers 
between the lipid bilayers.  
In most interdigitated bilayers the molecules tend to be ordered two-dimensionally and 
therefore the fracture plane after freezing and fracturing is usually more "jumbo" looking than 
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the smooth fracture planes in the conventional bilayer as was concluded by Hut et al. (1998). 
It is difficult to define a vesicle size here because the spherical form is strongly deformed as 
shown in Fig. 5.5.3. A destroyed vesicle shape and layer structure was also detected in 
propanolol/DPPC liposomes simultaneously with interdigitated phase (Albertini and Donati 
1990). 
The observed surface morphology differs from that described in the literature as an 
interdigitated phase for a saturated mixed-chain phosphatidylcholine (C(18):C(14)PC) system 
(Hiu et al. 1984). It is not smooth and has a structure like a polygonal network. Comparing the 
two interdigitated surface patterns at a DCP/DPPC molar ratio of 2.10-2 (Fig. 5.3.6) and 8.10-1 
(Fig. 5.5.4) a similar surface morphology can be established. The polygon structure is 
characteristic for both samples, but in the case of the higher molar ratio a 2-D network of 
pentagons and hexagons was not detected unambiguously. This ordered surface pattern was 
found only locally. The Lorentzian fitting of the Bragg peak indicates a small quantity of this 
phase compared to that of the two other gel phases at the molar ratio of 2.10-2. The appearance 
of a structure which normally forms at a significantly higher DCP content can result from the 
inhomogeneous distribution of DCP in the domains of DPPC lamellae. In the liposome 
domains with locally high DCP content the interdigitated phase can form. If the DCP/DPPC 
molar ratio is higher than 6.10-1 the inhomogeneous distribution of DCP remains characteristic 
but the average DCP concentration of lipid domains is drastically higher.  
The applied DCP concentrations are relatively high which can be found rather seldom 
in common environment and biological systems. In fact, the investigation of the DCP/DPPC 
system in this high molar ratio range can help to know the accumulation range of DCP in the 
bilayer. 
The accumulation of DCP is determined by the apolar ring with the chloro-substituates 
and the polar hydroxyl group. It is to assume that the molecules are inserted into the 
headgroup region of the bilayer. The phenol ring may turn to the glycerol backbone while the 
hydroxyl group may interact with the phosphate group. Partial localization through hydrogen-
bridge bound between the hydroxyl of phenol molecules and an oxigen of the phosphate group 
can also be formed taking into consideration the chemical nature of the two molecule parts. 
Analyzing the wavelengths changes in the C-C and C-H region of DPPC in the presence of 
DCP it was observed that however, the bands of DCP overlap in several cases with those of 
DPPC in the SOM spectral region and so influenced the peak symmetries and shapes the 
wavelengths of DPPC peaks were not changed in the presence of DCP. These results 
demonstrate that the DCP molecules are not intercalated in the acyl chain region of lipids. 
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Therefore it may be proposed that the DCP molecules are located in the head group region.
Unfortunately, the Raman band of the headgroup is influenced by an overlapping band of
DCP therefore the analysis in these ranges are not possible. In this case a formation of H-
bridge bonds may be assumed. To support this assumption the Raman shifts of O-H bonds of
DCP and P-O bonds of lipids were analyzed but they do not indicate any formation of H-
bridge bonds between these two molecules. There are two explanations: The first one is that
the induced changes by DCP on DPPC are attributed only by physical interactions. The
second one may support the cluster-forming-theory of DCP. In this case, some of the DCP
molecules are bounded by H-bridges on DPPC molecules but the number of these bonds is
relatively low because the DCP molecules form clusters and these clusters are embedded in
the lipid bilayers and they are fixed there by H-bridges. In this case the spectral changes
induced by H-bridge bond are under the sensitivity of the experimental method but an
indication of the DCP-cluster model are the very sharp DCP bands in the DCP/DPPC
spectrum.
Figure 5.5.9 represents the presumed structure of bilayer and DCP molecules. It must
be mentioned that the localization of DCP is not yet fully understood. The interpretation of
results may be supported helpfully by other measurements like solid-state NMR.
Figure 5.5.9. The presumed structure of DCP/DPPC/water system in the DCP/DPPC molar ratio range
from 6 .10-1 – 1.2
Above 24 °C the fluid-crystalline phase forms. The phase transition between the interdigitated
and fluid-crystalline phases in this low temperature range shows similar features like the small
molecules, investigated by McElhaney (1982) which enrich also in the bilayer surface and
insert into the head group region.
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5.6 Conclusions 
 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) multi- lamellar vesicles were 
used to model the behavior of the cell wall in the presence of a phenol derivative 2,4-
dichlorophenol(DCP). The molar ratio of DCP on DPPC was varied in a large range from 
4.10-5 to 1.2 and the changes showed a strong concentration dependency. Therefore the results 
were represented and discussed in four chapters (Chapter 5.2, 5.3, 5.4 and 5.5.) according to 
the main changes of liposomes. The goal of this chapter is to summarize the results and 
conclusions of all four concentration regions of DCP. 
An extremely small quantity of DCP (DCP/DPPC = 4.10-5 - 4.10-3) effected both phase 
transitions and caused slightly higher transition points and structures with higher symmetry 
than those of the pure system were detected. Presumably, the structural defects of the pure 
system were reconstructed to more regular forms by addition of a small quantity of guest 
molecules. This effect can be observed if the amount of guest molecules was smaller or equal 
than the amount of the structural defects in the lattice. With increasing amount of the DCP the 
effect of the superfluous molecules got stronger and instead of a correction the perturbing 
effect appeared, as it was illustrated by the DCP/DPPC molar ratio of 4.10-3.  
The molar ratio of 2.10-2 induced a complex pretransition and the transition 
temperature was shifted into the lower temperature range while the enthalpy drastically 
decreased and the interdigitated phase appeared simultaneously with the parent gel and 
rippled gel phases in the pretransition range. This phase normally forms at a significantly 
higher DCP content (up the DCP/DPPC = 6.10-1). The formation of interdigitated phase at 
lower molar ratio range can be resulted from the inhomogeneous distribution of DCP in the 
domains of DPPC lamellae. This assumption was supported by freeze-fracture/TEM, where 
the surface patterns of parent phases could be simultaneously distinguished with that of the 
interdigitated phase. 
When the DCP/DPPC molar ratio was increased to 4.10-1 the pretransition fully 
disappeared, whereas the main transition was shifted to lower temperatures. After the 
disappearance of the pretransition the rippled gel phase became dominant in the entire range 
of both gel phases. In the rippled gel phase, due to the polar interactions between the water 
and the choline head groups, the lipid molecules moved out of the smooth surface of the 
sphere and the rippled surface morphology appeared. The presence of DCP influenced the 
interactions between the water molecules and the choline heads and induces the formation of 
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the rippled gel phase instead of the non-rippled gel phase below the temperature range of the 
gel phase.  
In the molar ratio range from 2.10-1 to 5.10-1 the thermal as well as the structural 
behaviors of systems were relatively complex. The calorimetry indicated several overlapping 
phase transitions while the SAXS showed different, simultaneously existed bilayer distances 
in a wide temperature range from 20°C to 40°C. These features of system were explained by 
the inhomogeneous distribution of DCP in the bilayer. There are some domains of lipid 
bilayer containing more DCP molecules and other domains with lower DCP concentration. 
While the phase and phase transit ion’s properties are strongly dependent on the DCP 
concentration the coexistent bilayer domains with different DCP concentration show these 
complex patterns.  
With further increase of the DCP/DPPC molar ratio (6.10-1 - 1.2) an interdigitated gel 
phase occurred below 24°C, as was observed at the DCP/DPPC molar ratio of 2.10-2 during 
the pretransition, and the spherical vesicle form was destroyed. Water molecules are displaced 
from the interfacial region of the bilayers and the acyl chains of DPPC are partially 
interpenetrated into the opposite lipid monolayer. The bilayer structure remains characteristic, 
but the layer continuity is disturbed by DCP-clusters. In spite of these drastic structural and 
phase feature changes only weak physical interactions were observed between the DPPC 
membrane and the DCP molecules. 
Combining the results of all used investigation methods (DSC; SAXS; WAXS, FT-
Raman, and freeze-fracture/TEM) the following schematic phase diagram of the 
DCP/DPPC/water system can be suggested (Fig. 5.6.1) as a summary of results. In the 
DCP/DPPC molar ratio range from 4.10-5 – 4.10-3 the DCP caused slightly increased transition 
temperatures for the pretransition as well as for the main transition. The determined phases 
were the same to those of the pure DPPC/water system. They were the gel phase, the rippled 
gel phase and the fluid-crystalline phase. Increasing the DCP content up to the DCP/DPPC 
molar ratio of 2.10-2 a progressive reduction in the pre-transition temperature and a small 
decrease of the main transition temperature took placed. Additionally, the non-homogeneous 
distribution of DCP yielded a coexistence of gel, rippled gel, and interdigitated phases in the 
pretransition temperature range. Above the DCP/DPPC molar ratio of 4.10-2 the pretransition 
did not take place and the main transition occurred between the modified rippled gel and the 
fluid-crystalline phases. In the DCP/DPPC molar ratio range from 2.10-1 to 5.10-1 the main 
transition was shifted and overlapped with a new transition at 25 °C and with other 
transitions, not identified yet. Above the DCP/DPPC molar ratio of 6.10-1 only one sharp 
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phase transition occurred at 24°C. Below this phase transition temperature an interdigitated 
bilayer structure appeared while above 25°C a liquid crystalline phase formed. 
 
Figure 6.1. Schematically phase diagram of DCP/DPPC/water system based on the results of DSC, SAXS, 
WAXS, freeze-fracture/TEM, and Raman spectroscopy 
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6. Summary 
 
The aim of this work was to examine molecular factors and processes with respect to 
the uptake, distribution and effects of phenol derivatives inside the cell membrane of 
microorganisms, particularly in the phospholipid bilayer matrix. 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) multilamellar vesicles were used to model the behaviors of cell 
membranes in the presence of 2,4-Dichlorophenol (DCP).  
The thermal features of liposomes were investigated by using differential scanning 
calorimetry (DSC). Small- (SAXS) and wide-angle X-ray scattering (WAXS) provided 
information about the bilayer structure and the lattice arrangement of lipids. Freeze-fractured 
probes were used to study the surface pattern of the lipid-bilayers with electron microscopy 
(TEM). For structural investigations on the molecular level FT-Raman spectroscopy and ab 
initio calculations were applied. 
The effect of DCP on the phase transition of liposomes was highly concentration-
dependent. A small quantity of DCP (DCP/DPPC = 4.10-5 - 4.10-3) shifted the phase 
transitions into slightly higher temperature ranges and the appearing phases showed a more 
symmetrical structures than those of the pure DPPC liposome system. The structural defects 
always present in the pure system can be corrected to more regular forms by the addition of a 
small quantity of DCP molecules. 
Increasing the DCP/DPPC molar ratio to 4.10-1 the disappearance of the pretransition 
was detected because the DCP molecules induced the formation of a rippled gel phase instead 
of the gel phase intercalating between the headgroups of lipid molecules. In this way, the 
system could decrease its energy and find a more stable state reorganizing its structure in the 
headgroup region for more places for the DCP molecules. Furthermore, an inhomogeneous 
distribution of the DCP was assumed inducing a local interdigitated gel structure in the 
pretransition temperature range which has been found to be characteristic even for greatly 
higher DCP amounts (above the DCP/DPPC molar ratio of 6.10-1).  
Above the molar ratio of 10-1 brightly broadened phase transitions and several 
simultaneously appearing mesophases were detected. Presumably, it is a consequence of the 
inhomogeneous distribution of DCP which induced a lateral phase separation of lipid 
domains.  
With further increase of the DCP/DPPC molar ratio (6.10-1 - 1.2) an interdigitated gel 
phase occurred below 24°C, as was locally observed at the DCP/DPPC molar ratio of 2.10-2 
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during the pretransition, and the spherical vesicle form was destroyed. Water molecules were 
displaced from the interfacial region of the bilayers and the acyl chains of DPPC were fully 
interpenetrated into the opposite lipid monolayer. The bilayer structure remained 
characteristic, but the layer continuity was disturbed by DCP-clusters. In spite of these drastic 
structural and phase feature changes only weak physical interactions were observed between 
the DPPC membrane and the DCP molecules by FT-Raman spectroscopy. 
Considering these results it was suggested that the presence of DCP molecules at low 
concentrations induces a more regular structure of lipid bilayers. The perturbing effect of 
DCP appears first if its concentration is higher than the structural defaults in the lipid layers 
lattices and becomes drastical above the DCP/lipid ratio of 1 / 2. The fluid-crystalline phase is 
dominant above 25 °C inducing a highly fluid membrane structure in the temperature range of 
gel phase which can perturb the transport processes and lipid-protein interactions in the 
complex biological membranes. The inhomogeneous distribution of DCP causes a lateral 
distribution of lipid domains with different DCP concentration. It is hypothesized that the 
lipid bilyers are saturated by DCP and the rest of DCP formed clusters which horizontally 
separate the lipid- layer domains destroying the closed bilayer sheets.  
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